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Abstract
Among various static energy conversion technologies, the thermoelectric (TE) energy
conversion has gained the considerable interest due to its reliability and ability to directly
convert waste heat into electricity. In TE conversion technology, physical properties such
as thermopower (α), electrical (σ) and thermal conductivity (κ) are exploited
simultaneously to convert waste heat into electricity. The efficiency of such conversion
depends upon various factors such as temperature, figure of merit (ZT= α2σ/ κ) etc. An
inherent coupling among α, σ and κ limits ZT and thereby constrains one in achieving
high efficiency. Many efforts have been carried out in decoupling TE properties. The
inherent coupling of TE properties resulted in a saturation of the field for several years.
Recently, it is realized that the inclusion of multi-length scale defects plays an important
role in tuning the TE properties of various materials. Defects are often perceived as
imperfections in materials that could adversely affect their performance. On the contrary,
because of the limited size scale of nanomaterials, the power of defects could be
effectively utilized to selectively scatter phonons and filter low-energy carriers. Hence, it
is important to control the length scale and nature of these defects to improve the desired
TE properties. This dissertation is focused on answering this important question: ‘Can
one achieve control over the nature and length scale of these defects to decouple 
and and tune the temperature dependence of ZT in nanostructured bulk materials?’
To answer this question, three different materials systems were studied in this work
demonstrating the role of various length scales and nature of defects.
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Firstly, the effects of extrinsic point defects, such as rattlers (Ce, In, Ba, Yb),
dopants (Co, Ni) and secondary phases on FeSb3 and CoSb3 based p-type skutterudites on
the transport and magnetic properties is studied. ‘Phonon glass and electron crystal’ like
behavior was observed in Ni-doped skutterudites. Interestingly, we found that the
addition of In facilitated the formation of secondary phases with various morphologies
upon surpassing the filling fraction limits. Such in-situ secondary phases were in fact
found to be beneficial to the system altering their electrical transport properties, and
thereby increasing the ZT of the system as compared to that of the parent compound. The
highest ZT value of 0.9 at 650 K was reported for p-type skutterudite sample with
nominal composition In0.1Ce0.9Fe3.5Ni0.5Sb12. In the low temperature regime (T < 150K),
the electrical transport and magnetic susceptibility exhibited single-ion Kondo-like
behavior. The crystal field effects due to the splitting of ground state of Ce (4f level) in
presence of cubic crystalline field were observed to dictate the magnetic properties below
100 K. Further, our magnetic susceptibility data is consistent with a crystal field splitting
gap of ~39 meV (~450 K).
The intrinsic surface or interfacial defects in elemental Bismuth were introduced
by controlling the surface-to-volume ratio using a combination of high energy ballmilling and spark plasma sintering (SPS) processes. The obtained ball-milled powders
were SPS processed with different ON-OFF time ratios of the DC current pulses to
further modify the nature and extent of these surfaces. The ‘double decoupling’
(simultaneous optimization of the thermopower, electrical conductivity and thermal
conductivity) in single element polycrystalline Bi was observed via a combination of an
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increase in the surface-to-volume ratio achieved by ball milling process and an interface
(or grain boundary) modification by the SPS process. As a result, a greater than six-fold
improvement in the PF, and hence ZT, was achieved in polycrystalline bulk Bi samples.
Our detailed studies of the effect of SPS conditions on the transport properties of
polycrystalline Bi strongly suggests that surface states play a prominent role in enhancing
the TE performance of Bi.
Lastly, planar or two-dimensional defects were introduced by chemical
exfoliation of layered chalcogenide n-type Bi2Te3. Particularly, chemical exfoliation
allows for the introduction of micro-structured scattering centers at multiple length scales
while preserving the basal plane properties needed for high ZT values. Mechanical
process such as, grinding, sintering and exfoliation are known to generate donor- like
defects. In this method, the possible introduction of positively charged defects (TeBi
antisites/Te vacancies) on the grain boundaries resulted in: i) the injection of electrons
into the bulk increasing carrier concentration, and ii) a potential barrier that selectively
filtered low-energy minority carriers (holes in case of n-type Bi2Te3 samples) and
thereby, shifting the bipolar (two carrier contribution) effects to higher temperatures. This
effect is clearly reflected in the thermopower and thermal conductivity data. Thus, the
shift in the bipolar effects results in the shift of ZT maxima to higher temperature, where
peak ZT is broadened over a wide temperature range of ~ 150 K. In addition to this, the
compatibility factor of our samples exhibits smaller changes over the broad operating
temperature regime, making it a good candidate for potential device design.
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“May God protect us, may He nourish us,
May we work together with energy and vigor, may our study be enlightening and fruitful,
not giving rise to hostility. May there be peace!”
- Taittriya Upanishad
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Chapter 1
Introduction
Over the past two decades, a large population explosion and rapid strides in
industrialization have resulted in an upsurge in the global demand for energy, which has
exerted a major strain on the existing power infrastructure and pose serious implications
for the future of humanity. Particularly, the United States currently uses 21% of the
world’s energy while producing only 16% of the global supply. Therefore, there is a great
need to efficiently generate energy from alternative energy resources in order to bridge
the existing energy gap. Solar energy has been advocated as one of the alternatives to
fossil fuels. Indeed, the solar power striking on earth is four orders of magnitude larger
than our global energy needs. Accordingly, researchers and engineers have been
endeavoring to advance our technological abilities to harvest solar energy to the fullest.
Photovoltaic and fuel cells are some of the promising candidates for clean energy
production. Among various static energy conversion technologies, the thermoelectric
(TE) energy conversion has gained much interest due to its ability to directly convert
waste heat into electricity.
After two centuries since its discovery, TE energy conversion constitutes a vital
domain in the current solid state energy conversion technologies due to its unique
capability and reliability. New generation TE materials are being used for a variety of
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applications including waste heat scavenging and environmentally friendly refrigeration.
The availability of new TE materials has alleviated the use of liquid N2 and resulted in
faster cooling IR detector chips, CCD spectrometers, and laser cooling. Furthermore, the
exploration of far planets of the solar system would not have been possible without the
radioactive thermoelectric generators (RTGs). TE generators exhibit excellent reliability
and can potentially power deep space space crafts for more than 50 years. The progress
and various scientific discoveries in the field of TE research are as interesting as the
discovery itself. In the following section a brief history of the TE research is presented.

1.1 History of Thermoelectric Research
The discovery of thermoelectricity is generally recognized by the pioneering work by
Thomas Johann Seebeck in 1821. Seebeck observed a deflection in the magnetic compass
needle upon heating one junction of a loop of wire of two dissimilar metals and attributed
it to the magnetic induction arising from current in the wire. [24] Ironically, even though
the effect is named after Seebeck, he disclaimed the electrical nature of the phenomenon.
Seebeck himself insisted on the name of thermomagnetism for this effect. [25] Later,
Hans C. Oersted, who followed the thread of Seebeck's research work with much
attention,

was

the

first

scientist

to

have

called

this

phenomenon

‘thermoelectric effect’.[26] However, a peculiar picture emerges upon looking back into
the history further.

Some of the researchers believe that the thermoelectricity was

discovered by Alessandro Volta in 1794-1795. A. Volta wrote three letters to Anton
Maria Vassali, professor of Physics in the Royal University of Turino, entitled “A new
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paper on the animal electricity”, indicating the electromotive forces arise when a
temperature difference is created between two junctions of dissimilar materials ([25] and
references therein). The current solid state power generation is based on this
phenomenon, now known as Seebeck effect.
In 1834, another interesting discovery was made by Jean Charles Athanese
Peltier, twelve years after the observation of Seebeck effect. Peltier was a watchmaker
and part-time physicist who experimentally observed that an electrical current could
produce heat at the junction of two dissimilar metals. [27] In 1838, Lenz showed that
depending on the direction of current flow, heat could be either removed from a junction
to freeze water into ice, or by reversing the current, heat can be generated to melt ice. The
heat absorbed or created at the junction is proportional to the applied electrical current.
The proportionality constant is known as the Peltier coefficient. This phenomenon is the
underlying principle of current solid state refrigeration and is currently known as Peltier
effect.
In 1851, William Thompson, who was later known as Lord Kelvin, derived an
inter-relationship between the Seebeck and Peltier effects. The Seebeck and Peltier
coefficients are related through thermodynamics.[28] These mathematical relations are
known as Kelvin relations. The details of these thermoelectric phenomena and related
properties are discussed in the following sections. Prior to 1851, these fundamental
effects were discovered and understood at a macroscopic level and their application to
thermometry, power generation and refrigeration was recognized. The early-to-mid 20th
century brought a new revolution in the field, which paved foundations of modern
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thermoelectrics. The advent of quantum mechanics and evolution of modern solid state
physics allowed scientists to develop a microscopic understanding of thermoelectricity
and related phenomena. Edmund Altenkirch first proposed the derivation of maximum
thermoelectric efficiency of a thermoelectric generator (1909) as well as the performance
of a cooler (1911) when the design and operating conditions are fully optimized. [29, 30]
Later, Abram Fedorovich Ioffe developed the modern theory of thermoelectricity by
introducing the concepts of semiconductors and a parameter to gauge the quality of a TE
material that later became the “dimensionless figure of merit” ZT in1949. [31] Most of
the exciting research on semiconductors occurred during 1950-60’s resulting in the
emergence of bismuth telluride as the room temperature TE material with the most
favorable transport properties. [32, 33] It was during this time, majority of work focusing
on the optimizations of electronic properties in bulk TE materials was performed.
In the late 20th century, another revolutionary era began after Glen Slack
introduced the concept of ‘Phonon Glass and Electron crystal’ (PGEC) which formed the
basis of modern thermoelectrics. As it will be discussed later, PGEC proposes that a
material with shortest phonon mean free path and longest electron mean free path is the
ideal candidate for TE applications.[34] Several methodologies were adopted over the
past few decades, including bulk and low dimensional TE materials to improve the
performance of TE materials by simultaneously reducing thermal conductivity and
enhancing their electronic properties.
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1.2 Thermoelectric phenomenon
1.2.1 Seebeck effect: When a temperature gradient

is applied across a material, it

acts as a driving force on electrons. As a result, an internal potential difference or
gradient

between two ends of the material is established due to net flow of electrons

from one hot end to the cold one. In other words, a thermal gradient produces voltage
gradient in materials and the coefficient of proportionality is known as Seebeck
coefficient ( ) and often referred to as ‘thermopower’. (Eq. 1.1)
(1.1)
This phenomenon can be understood in simple model of free electron gas or
‘Fermi gas’, where an increase in the thermodynamic potential by heating at one end
creates a driving force for electrons to diffuse to the cold end. This diffusion of electrons
stops when the coulomb forces balance the thermal diffusion forces resulting in a
potential gradient across the sample. Since,

is measured between two points (or

junctions), it is a relative quantity. The sign of Seebeck coefficient typically indicates the
dominant carrier type present in the system in most of the cases, such as positive values
of

represents that the material is predominantly p-type and negative value of

represents n-type material. However, there may be a few exceptions, in case of multiband and bipolar conduction when both electrons and holes contribute to conduction. In
this case, a change in sign of Seebeck coefficient may be observed with temperature
depending upon the dominant carrier type in respective temperature range. Also, in many
metals, such as Cu, Au and Al the sign of

is positive even though the charge carriers

are clearly electrons. The reason is apparent through the Mott relation that includes a
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term that is related to the curvature of the Fermi surface (Eq. 1.10 discussed later). It was
later discovered that

does not depend upon the distribution of temperature in the

material and, therefore, it is a thermodynamic state function. [35] This property is the
physical basis for a thermocouple, which is used often for temperature measurement.

1.2.2 Peltier effect: A complementary effect to Seebeck effect, is the Peltier effect that
describes the active heating or cooling of the junction of dissimilar materials when
electric current flows through the system. Depending upon the direction of current flow,
the junction rejects or absorbs heat. Therefore, electric current through the materials
determines the rate of heat being absorbed or emitted at the junction and this relation can
be expressed as shown in Eq.1.2 and the coefficient of proportionality is known as Peltier
coefficient
̇

(1.2)

It is important to note that the Seebeck and Peltier effects are bulk phenomena
albeit the requirement of junctions for manifestation. The Peltier effect arises from the
difference in the Fermi levels (or chemical potentials) of two dissimilar materials at the
junction. The Fermi level is defined by the energy of the highest occupied level or the
average energy of the most energetic conduction electrons. When an electric current is
passed through the material junction, the conduction electrons present in the system
experience an electrostatic force due to this electric field. If the direction of current (or
electric field) is such that electrons flow from the material with lower Fermi level to the
one with higher Fermi level, the electrons absorb energy from lattice and by cool the
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junction. Upon reversing the direction of current, the conduction electrons move from
higher Fermi level to lower one and in order to lower their extra energy releasing heat
into the system. [36] The Peltier coefficient is also a relative quantity determined by two
dissimilar materials. The rate of cooling in various materials is limited by the maximum
current we can input. As the current continues to increase, Joule heating becomes an
important factor and in this situation additional current may result in less net cooling.
Similar to the dimensionless figure of merit in power generation mode, coefficient of
performance is the gauge of cooling efficiency in refrigeration mode.

1.2.3 Thomson effect: Another scenario exists when current flows through a material
with an externally applied temperature gradient. In this case, heat may be rejected or
absorbed by the system leading to third thermoelectric effect, known as Thomson effect.
In this case, the absorbed or rejected heat is proportional to both the electric current and
the spatial temperature gradient, as shown in Eq. 1.3. Note that Eq. 1.3 is applicable only
to the special case in the absence of Joule heating. The proportionality constant in Eq. 1.3
is known as the Thomson coefficient

. The Thomson coefficient is related to the

Seebeck coefficient, which in turn shows an interdependence of Seebeck (α) and Peltier
coefficients () (Eq. 1.4). [37]
(1.3)
(1.4)
This inter-relationship helps in estimating
measure experimentally whereas

by measuring

, which is easy to

is not. It is interesting to note that the Seebeck and
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Peltier effects are observed in two dissimilar materials whereas Thomson effect describes
heat flow in a single material.
Thermoelectric phenomena, such as Seebeck and Peltier effects can be employed
in power generation and refrigeration applications respectively as explained above.
However, it is not possible to harvest usable power from a single TE material. For device
applications, one often requires several individual TE couples (made of n- and p-type
materials) connected electrically in series and thermally in parallel. A simple schematic
of one such uni-couple for power generation mode (a) and refrigeration mode (b)
employing Seebeck and Peltier effects respectively is shown in Figure 1.1.

Figure 1.1: Thermoelectric uni-couple module in: (a) power generation mode (based on
Seebeck effect) and (b) refrigeration mode (based on Peltier effect). Source Ref. [1]
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1.2.4 TE efficiency and dimensionless figure of merit, ZT: As mentioned previously, a
parameter ‘Z’ was proposed after Ioffe’s idea in order to gauge the efficiency of a TE
material, [31]. The parameter ‘Z’ is a convenient collection of all the parameters defining
material transport. More often, it is customary to use the dimensionless quantity known
as ‘dimensionless figure of merit’ or ZT defined by (Eq. 1.4).
(1.5)
where α is the Seebeck coefficient (or thermopower), σ the electrical conductivity (or ρ
the electrical resistivity), κT the total thermal conductivity, T the absolute temperature.
The term in the numerator (=

) represents the electrical power output and is referred

to as ‘Power factor’. Since power factor scales linearly with temperature T, it is often
defined by the term

in the literature. Clearly, ZT can be optimized by either

improving the power factor or reducing the thermal conductivity or both. As discussed in
section 1.3, the strong coupling among , , and  limits the simultaneous optimization
of all the TE properties.
In the power generation mode, a thermoelectric convertor can be considered as a
heat engine operating between a hot reservoir at temperature
temperature

and cold reservoir at

. The conversion efficiency is defined as the ratio of energy supplied to the

load (for maximum power output) and the heat absorbed at hot junction (reservoir). The
maximum conversion efficiency can be obtained when the ZT maximum occurs at a
temperature

, where

and given as a fraction of material dependent
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parameter ‘ZT’ to the Carnot efficiency [(

of an ideal heat engine (Eq. 1.6).

[2]

(

)(

√

)

√

(1.6)

Therefore, the overall efficiency is maximized not only by high ZT values but
also a wide temperature range (

to improve the Carnot efficiency term.

The second term (in Eq. 1.6) limits the efficiency due to Joule heating losses and
irreversible process.
In the case of the refrigeration mode, the efficiency of a refrigerator is expressed
in terms of its coefficient of performance (COP). The COP is defined as the fraction of
cooling produced by the rate at which electrical energy is supplied. As shown in Figure
1b, an electric current is passed through the TE circuit in refrigeration mode.
Consequently, heat is pumped from cold end (

to hot end (

, where

, due to

the Peltier effect, explained in section 1.2. The cooling effect at the junctions is opposed
by Joule heating in thermo-elements and heat conducted from hot junctions due to
temperature gradient. In this case, the applied potential difference (or applied current) is
used in parts to overcome the electrical resistance of the thermo-elements as well as to
balance the Seebeck voltage resulting from the temperature gradient across junctions.
Hence, the overall conversion efficiency of refrigeration (COP) can be maximized by
minimizing (

, which is given in Eq. 1.7.

(

√

)(

√
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)

(1.7)

As evident from Eq. 1.7, the factor ‘ZT’ determines both the maximum temperature
difference that can be achieved and the maximum COP.[2]

1.3 Coupled transport properties and material selection
1.3.1 Coupled electrical and thermal transport: From the representation of TE
efficiencies in the power generation and refrigeration modes (Eqs 1.6 and 1.7), it is
evident that the ideal candidates for ‘good thermoelectrics’ are the materials which
possess a: i) high Seebeck coefficient (α), ii) high electrical conductivity (σ) and iii) a low
total thermal conductivity (κ). Broader applications of thermoelectricity thus hinge upon
developing TE materials which simultaneously exhibit properties (i)-(iii). However, an
inherent inter-dependence among the properties α, ρ, and κ poses a major roadblock in
the pathway for achieving a high ZT.[31, 38] Simultaneous optimization of these
properties is quite difficult due to coupled transport phenomenon is materials. Electrons
(or charge carriers in general) are known to transport charge as well as heat. Therefore,
the thermal conductivity of a material is comprised of lattice (
transport) and electronic (

from phonon

from electrons or carriers transporting heat) contributions

to the total thermal conductivity κ (in absence of other contributions at higher
temperatures):
(1.8)
The lattice thermal conductivity

exhibits characteristic temperature

dependence in different temperature regimes. The details of temperature dependence
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of

are presented in later chapters. The electronic thermal conductivity (

can be

given by Wiedemann-Franz relation [39, 40]:
(1.9)
The relation shows that the ratio of

to

is proportional to temperature, where

is the proportionality constant known as ‘Lorenz number’. This relation (Eq. 1.9) was
originally derived for metals which assumes elastic scattering and is independent of
scattering processes due to inelastic scattering. The numerical value of

was derived by

Ludvig Lorenz based on the classical Maxwell-Boltzmann distribution function and was
found to be ~1.1×10-8 W-Ω/K2. Subsequently, Sommerfield utilized a more sophisticated
quantum mechanical representation and Fermi-Dirac statistics to derive the correct value
of Lorenz number, known today.[41] For metals and degenerate semiconductors, the
Lorenz number is truly a constant and it’s the numerical value is given by,
W-Ω/K2 =

V2/K2.[40] Note that the Lorenz number has the same units

as the thermopower. The relation is well-obeyed at higher temperatures for most of the
TE materials. However, for a semiconductor,

is dependent upon the position of the

Fermi level with respect to the band edge and the law of scattering of the charge
carriers.[42] A comprehensive study for the validity of Wiedemann-Franz relation (Eq
1.9) at lower/ intermediate temperatures for materials other than pure metals is presented
by John Singleton. [43] In this study, the major difference in the

value is shown to

come from the different relaxation times for electrons transporting charge and heat. In
other words, the electrical relaxation time ( an average time between the scattering events
to lose its forward motion in crystal opposite to the electrical field) and thermal
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relaxation time (average time between scattering events taken by electron to relax from a
thermally excited state) of an electron may not be necessarily the same. In case of
semiconductors, the value of

may lie below the value obtained for pure metals. For

narrow gap semiconductors, the value tends to ~2 × 10-8 W-Ω/K2. These value do not
change significantly in different materials and it is customary to use this value of
(even in case of semiconductors) to obtain a rough estimate of electronic thermal
conductivity. In summary, the validity of Wiedemann-Franz relation in various materials
is still an important issue in TE research for exact determination of
Thermoelectric materials show coupled heat and electrical transport. In steady
state, the electrical field (E) at any point in the material is given by the combination of
both reversible Seebeck and irreversible Ohmic effects:

(where J is the

electrical current density). Similarly, transport of heat is governed by the reversible
Peltier effect

and irreversible Fourier’s law (

) as:

in a single element TE generator. [20] As it can be seen from these relations that the
coupling of σ and κ is rather strong as electrons are the carrier of energy (heat) and
charge both, whereas the coupling of α to κ is relatively weaker. Mott relation in Eq. 1.10
(for n-type material with electrons as dominant carrier type) shows that the thermopower
is inversely proportional to

:[44]

| |

where,

(

)

is the Boltzmann constant, e the electronic charge and

(1.10)
can be defined in

terms of carrier concentration (n) and electron mobility (µ) as shown in Eq. 1.11.
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(1.11)
Therefore, an indirect inverse relation exists between

and . Based on Ioffe and

Goldsmid, [31, 45] since the power factor is only linearly dependent on
proportional to

but

the optimization of ZT can be achieved in semiconducting materials

over the metals (high

but low ) and insulators (low

but high

values). One of the

possible representations, where various materials can be classified by their electrical
conductivity or carrier concentration is presented in schematic shown in Figure 1.2. [2]
Clearly, the power factor can be optimized in semiconductors as discussed earlier
in this section. However, minimization of total thermal conductivity (κ), while
maintaining the electrical properties is another area of research. As seen from Eq. 1.8 and
1.9, it is important to minimize

without significantly altering

to obtain high ZT

values. Previously, Glen Slack has shown that a well-defined value of minimum lattice
thermal conductivity (

exists for all the materials when the mean free path of any

phonon equals its wavelength. [46] Since heat-carrying phonons exhibit a wide spectrum
of wavelengths and mean free paths (ranging from less than 1 nm to greater than 10 µm),
it is necessary to create phonon scattering centers at multiple length scales for reducing
.[47] Accordingly, the majority of the efforts in the past two decades entailed lowering
the lattice thermal conductivity by either reducing the size of particles or increasing the
interface scattering to achieve higher ZT. Several approaches such as nanostructuring,
complex structuring and multi-scale inclusions were adopted to reduce the thermal
conductivity by scattering phonons at different length scales. However, these inclusions
or structures were observed to scatter electrons, compromising the electrical conduction
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(σ) through the system, resulting in deterioration or small improvements in ZT.
Therefore, it is highly desired to decouple and optimize all these physical properties
simultaneously in order to obtain high ZT. Only few efforts have been carried out in this
regard which has resulted in the saturation of the field.

Figure 1.2: Schematic of classification of various materials based on their free carrier
concentration (n) for simultaneous optimization of TE properties (α, σ and κ). Source: Ref
[2]
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1.3.2 Criterion for material selection: Good thermoelectrics
In addition to Ioffe’s material selection criterion, one of the widely accepted concepts for
materials selection in the history of thermoelectrics is the ‘Phonon Glass Electron
Crystal’(PGEC) proposed by Glen Slack.[34] This concept defines a hypothetical upper
limit for desirable TE materials, which should exhibit glass-like thermal properties and
crystal-like electronic properties. In other words, the criterion for choosing good TE
materials is to decouple the electronic and thermal transport in the system. According to
Mahan, Goldsmid and Slack, desired characteristics of ‘good TE materials’ are
summarized below: [34, 48, 49]
i)

Lattice thermal conductivity,

ii)

Carrier mobility,

iii)

Effective mass of carriers, m*= mo (where, mo is free electron mass)

iv)

Electronic band gap,

v)

The average electronegativity of a compound, |

vi)

= 0.25 W/m-K
(

)

cm2/V-s

0.25 eV, at T= 300 K (or 10 kBT)
|

are independent of carrier concentration (n) and

are

independent of temperature as well.
Combining the abovementioned characteristics in words, it can be stated that the good
thermoelectrics are likely to be multi-valley semiconductors with several equivalent
bands, highly symmetric crystal structure with many atoms per unit cell and small
electronegativity difference between the elements. [50, 51] Due to the coupled transport
properties, it is not possible to find a single material system, which possesses all the
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characteristics of a good thermoelectric, however. The electronegativity difference is the
measure of bonding strength and covalency of bonds in a material. Ionic bonding often
occurs in materials with larger electronegativity differences, which tend to scatter
electrons strongly and thereby lower the carrier mobility, e.g. oxides. However, materials
with small electronegativity differences form covalent bonds and possess high carrier
mobility. Many alloys containing heavier elements of the periodic table were observed to
obey the rules of good thermoelectric materials. Based on these criteria and
characteristics, a wide variety of materials were investigated in past two decades for
thermoelectric power generation and solid-state refrigeration applications. Some
categorized examples include complex chalcogenides (e.g. Bi2Te3, CsBi4Te6 and
pentatellurides such as the Zr1-xHfxTe5 system), clathrates (e.g. Sr8Ga16Ge30),
skutterudites (e.g. YbxCo4Sb12 or CexFe4Sb12), half-Heusler alloys (e.g. TiNiSn1-xSbx),
ceramic oxides (NaCo2O4), TAGS, SiGe, Zintl phases (e.g. Yb14MnSb11) etc.[52-55] It is
important to note that there are some exceptions to generalized guidelines (describe on
p16), e. g. NaCo2O4.

1.4 Methodologies to improve TE performance and current status
The approaches and methodologies that have led to the progress of TE materials may be
categorized into two eras: i) conventional or old concepts (before 1990) and ii) modern or
new concepts (after 1990).
i) Conventional/ Old approach: The criterion to improve the TE performance of materials
utilized since mid-19th century was focused on the synthesis of single-phased bulk
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materials. The basic idea of introducing semiconductors as promising thermoelectric
materials was established by Ioffe and his collaborators as discussed in previous sections.
[31] Later on, heavy elements containing semiconductors were preferred due to their
ability to reduce lattice thermal conductivity through mixing and doping. The family of
Bi2Te3 was introduced as highly promising TE materials paved the foundations of
thermoelectrics until recently. [45] The majority of TE research during 1950s and 1960s
was focused on the four major classes of materials- PbTe (1950s), Bi2Te3/ Sb2Te3 (1955),
TAGS (1961) and SiGe (1964). Conventional TE materials were limited to ZT ≤1 for
fifty years due to competing transport properties (see Fig. 1.3).
ii) New Concepts: Reemergence of TE research began in mid-1990s with novel concepts
of PGEC idea and lower dimensional structures predicting that higher ZT values could
exist and a ZT ≈ 1 was not an upper limit. In 1993, the concept of quantum enhancement
of the Seebeck coefficient through localized nano-sized features was proposed by
Dresselhaus and Hicks et.al.[56] Recent progress in crossing the benchmark ZT =1 has
been possible in recently discovered nanostructured bulk materials.[57-62] Bulk
clathrates and skutterudites (exhibiting ‘holey’ or open crystalline structures) utilized the
PGEC to reduce L.[54] Indeed, theoretical and experimental evidences have identified
skutterudites as promising TE materials with high potential.[63-66] Skutterudites have
gained much popularity due to their outstanding electronic properties as well as lower
thermal conductivity arising from their special cage like crystal structure. NASA has
recently used both n- and p-type skutterudites for building high temperature TE
segmented devices with ~20% conversion efficiency model.[67] In unholey TE materials
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(such as Bi2Te3, PbTe, half-Heuslers), the reduction of thermal conductivity can be
achieved by employing mass-fluctuation scattering and complex structuring via doping
and alloying.
Current research in the field of thermoelectrics is majorly driven in two directions: i)
improving the quality of materials and synthesis methods [68-70] and ii) develop a high
efficiency module for a TE device.[12, 45] Recently, it has been observed that tailoring
micro- & nanostructures at multiple length scales by advanced material preparation can
help ease the inter-dependence among the properties α, ρ, and κ.[71-74] This approach
introduces additional grain boundaries and defect-induced scattering sites, which not only
reduce thermal conductivity but also improves the power factor in various materials.
Details of these novel approaches and results are presented in next sections and following
chapters.
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Figure 1.3: Dimensionless figure of merit, ZT of the current state-of-the-art TE materials
as a function of temperature. Solid lines represent bulk TE materials (based on
old/conventional approach) and dashed lines show nanostructured bulk TE materials
(based on new concepts). The bulk and nanostructured materials belonging to a class of
material are shown by the same color. The reported ZT values are obtained from the
references [3-6]
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1.4.1 Phonon Glass Electron Crystal ‘PGEC’ concept: Following Slack’s proposal of
PGEC, Cahill studied a variety of material systems which possess lattice vibrations
similar to those of amorphous materials. Therefore, the majority of the interest in early
1990s was focused on achieving a phonon glass in TE materials. Based on the main
concepts of Slack and Cahill [37, 75], these materials possess the following features for
reduction in the lattice thermal conductivity: i) presence of a ‘loose’ atoms or molecules
whose translational or rotational positions are not well-defined and possess two or more
metastable positions, ii) no long-range correlation between the positions of ‘loose’ atoms
or molecules can be defined, iii) the ‘loose’ atoms or molecules are heavy and possess at
least 3% of the total mass of the crystal, and iv) disorder produced by the point defect
scattering cannot lead to glass-like thermal conductivity or

. Clathrates and

skutterudites are two material systems, originally proposed by Slack and Tsoukala, that
have been much researched due to their unique features.[76] As mentioned previously,
these systems belong to the category of holey or ‘open structure’ compounds which
contain at least one crystallographic site inside the atomic cage. Electropositive filler ions
can be interstitially introduced into these large cages, which leads to a reduction in the
thermal conductivity by rattling about their equilibrium position to various metastable
positions.[51, 54] Several researchers have explored these materials extensively and
details are presented in Chapter 3. However, the PGEC concept is not limited to holey
structures and can be implemented in general as a criterion for ideal thermoelectrics.
In general, there are three different approaches to implement the PGEC concept.
As a first approach, one may advantageously utilize existing atomic defects in the crystal
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structure to scatter heat-carrying phonons. Such disorders or defects in the crystal lattice
can be created by introducing a rattler atoms/ions or point defects such as interstitials,
vacancies or by alloying. An example of defect or rattler induced scattering is apparent in
skutterudite compounds where an appreciable reduction in lattice thermal conductivity
has been observed by introducing dynamic disorder.[51] Another example of alloying
generated disorder is Bi2Te3 alloys with other tellurides for reduction in thermal
conductivity without deterioration of electronic properties. [3, 77-79]
The second approach is to decouple the electronic and thermal transport by
complex crystal structuring. Thermopower is strongly influenced by the asymmetry of
electronic structure and scattering rates near Fermi surface (EF).[80] Introducing
complexities in the band structures and scattering rates near EF may prove beneficial in
enhancing the electronic properties and power factor as discussed in section 1.3.2. One of
such approaches is known as ‘energy filtering,’ where substructures formed as a result of
complex structuring may have preferential scattering of charge carriers and phonons. This
results in improving the electrical transport but reduce the thermal conduction in the
system by selective filtering. [81, 82] Complex Zintl phase compounds have recently
emerged as new thermoelectric materials, e.g. Yb14MnSb11 [55], which contain valencebalanced combination of ionic and covalently bonded atoms.[70] The ionic species
donate extra carriers to the covalently bonded atoms and the covalent bonding allows
higher mobility of the charge-carriers. The combination of bonding types leads to
complex structures with the possibility of multiple structural units (substructures) in same
unit cell. The TE properties of this system may be further improved to fulfill PGEC
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concept by introducing dopants or site disorders at the ionic substructure sites.[83]
Doping at ionic substructure sites leads to a disorder in crystal lattice and therefore
reduction in thermal conductivity.[84]
Thirdly, it is crucial to design interfaces that can selectively scatter phonons but
not the charge carriers and therefore exhibit PGEC- like behavior. An ideal (TE
beneficial) interface/ grain boundary should scatter: i) phonons more effectively than
charge carriers, ii) low energy charge carriers more effectively than high energy charge
carriers (i.e., energy filtering), and iii) holes more effectively than electrons, or the other
way around (by charge-build up at interfaces) to suppress the bipolar effect.[57, 62]
Recently, it has been observed that such properties can be achieved in nanocomposites or
multiphase-composites with coherent interfaces.[71, 85] It was theoretically predicted
that many types of nanoscale inclusions can enhance the Seebeck coefficient and scatter
phonons, by introducing quantum-confinement effects. Nanosized phonon-scattering
interfaces reduce thermal conductivity more than electrical conductivity owing to
different scattering lengths of phonons and electrons. However, experimental results
revealed that nanostructures also scatter electrons and therefore cause reduction in
electrical conductivity, which is detrimental to ZT. [38, 86] Additionally, it has been
challenging for the researchers to reproducibly synthesize such nano-size features.
Therefore, all the approaches of nanostructuring or multi-scale inclusions have not been
successful in the past. More details on this approach will be discussed in the proceeding
section.
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1.4.2 Nanostructured bulk TE materials: Nanostructured inclusions are ideal to satisfy
aforementioned criteria to enhance ZT. However, nanostructuring could also be
employed to introduce novel TE beneficial quantum effects that are otherwise absent in
bulk. Two of the major approaches, which have recently shown significant improvement
in the TE materials research are developing complex and nanostructured bulk materials.
A recent review on complex materials by Snyder et al. outlines the most important details
of these approaches. [83] Another methodology is to develop nanostructured bulk
materials, which are capable of modifying electrical and thermal properties for
improvement in ZT.[56, 57, 61, 87, 88] It is well known that lowering the dimensionality
of materials may lead to significant improvement in electronic properties as demonstrated
theoretically for the first time by Hicks and Dresselhaus [56] and reduction in the thermal
conductivity [89-92] relative to the bulk by selectively blocking phonons and transmitting
charge carriers. Motivated by this theoretical prediction, researchers developed 2D (thin
films), 1D (nanowires, nanotubes etc.) and 0D (quantum dots) nanostructures of different
materials to study the ensuing transport properties. These nanostructures were found to
reduce the thermal conductivity significantly and as a result, the highest ZT values were
reported in Bi2Te3/ Sb2Te3-based thin film superlattices [91], PbSeTe-based quantum dot
superlattices [93] and Si nanowires [94, 95] thus far.
Even though the individual nanostructures have demonstrated high ZT values
concurring with the predictions and principles of nanostructuring, the measurement
accuracy for these systems is questionable due to the inherent experimental difficulties of
measuring such structures. An additional concern is realiable, high-throughput, cost-
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effective scalable synthesis of nanomaterials and the subsequent device integration
Hence, nanocomposites or nanostructured bulk materials have proven to be more useful
relative to individual nanostructures for improving ZT values (see Figure 3). The
nanocomposites or nanostructured bulk materials often benefit from properties of both
the components. These materials possess high density of interfaces similar to
nanomaterials, which is required for effective reduction of thermal conductivity. In
addition to this, these materials do not require expensive fabrication processes or special
geometry, etc. making large scale production possible.[59, 96, 97]
Importantly, the coherent or ‘synergistic nanostructuring’ is crucial for obtaining
high ZT materials.[88, 98] The intrinsic (in-situ) nanostructures formed in the bulk matrix
have been observed to be more beneficial relative to the externally synthesized (ex-situ)
nanostructures incorporated into the bulk matrix due to their stability and compatibility
with the matrix. Some of the examples of such high ZT materials with in-situ
nanostructures or secondary phases are melt-spun p-type Bi2Te3[68, 99], PbTe [98, 100,
101] alloys, and several examples of skutterudites [102-104], etc. In summary, multiscale inclusions or secondary phases that are beneficial to the TE properties should:
i) be coherent with the matrix and stable at higher temperatures for power generation
applications.
ii) present no charge imbalance on the scale of the order of a charge carrier with a de
Broglie wavelength~ 1-2 nm.
iii) have the size of inclusions > mean free path of charge carrier (e~10 nm) in order to
not significantly influence carrier transport.
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iv) possess the ability to scatter phonons effectively thus causing a reduction in the
phonon mean free path and thereby reducing phonon thermal conductivity.
v) exhibit reproducibility and control over the size and properties.

1.5 Summary and Challenges
It is evident from the above discussion that several challenges still persist in the
improvement of ZT. Some of these challenges are: i) to effectively balance , , and 
for achieving high ZT and ii) design and engineer materials to tune the temperature
dependence of ZT. As described earlier, defects and dopants play an important role in
tuning the thermoelectric properties of various materials. Defects are often perceived as
imperfections in materials that could adversely affect their performance. On the contrary,
because of the limited size scale of nanomaterials, the power of defects could be
effectively utilized to selectively scatter phonons and filter low-energy carriers. A grand
challenge question then arises: Can one achieve control over the nature and length scale
of these defects to decouple , , and  and tune the temperature dependence of ZT in
three-dimensional bulk materials consisting of lower dimensional nanostructures?
The current work endeavors to answer this very important question. This dissertation
describes

the

effects

of

coherent

secondary

nano-phases

and

synergistic

nanostructuring/interface modification approach on the TE properties of such complex
systems as p-type skutterudites and Bi-based materials (elemental Bi and n-type Bi2Te3).
This study demonstrates the novel multi-dimensional defect engineering approach in
three different material systems for improving their TE performance. The dissertation
may be hierarchically organized into two different categories:
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1. Investigation of point defects, such as dopants, and secondary phases formed by
surpassing the filling fraction limit of rattler atom for improving the TE
performance of p-type skutterudites (Chapter 3).
2. Study of surface and planar defects by selective modification of interfaces and
nature of grain boundaries in context with surface states and interfacial charged
defects in the Bi-based systems (elemental Bi and n-type Bi2Te3 respectively) to
decouple TE properties and tune the temperature dependence of ZT (Chapters 4
and 5).
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Chapter 2
Transport Properties: Measurement
Techniques, Systems and Systematic
Errors
With the novel materials synthesis techniques and demand for high ZT materials, the
accurate measurements and characterization of TE materials are crucial. However, the
simultaneous occurrence of various coupled processes and TE phenomenon poses major
challenges in performing accurate measurements. For example, the presence of large
Peltier effect may bring a source of error in transport measurements of individual
properties. [105] Since, the ZT values are calculated from various TE properties (α, ρ, κ
and n) measured independently using different techniques, it is important to measure all
the properties on the same sample and along the same direction, especially in case of
textured samples. In general, electronic or thermal properties can have strong dependence
on crystallographic direction and the values may differ by orders of magnitude. Hence, it
is necessary to specify the direction of measurements in case of single crystals or
oriented polycrystalline materials. In case of textured bulk polycrystalline materials, such
as Bi and Bi2Te3, it is ideal procedure to measure more than one sample pieces and
minimize the measurement errors by averaging to ensure accurate data. In reality, an
ideal material structure would be a cubic polycrystalline material with a large complex
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unit cell of heavy atoms (and cages) that is very simple to synthesize and process and has
low parasitic losses, such as a low contact resistance.
In this chapter, along with in-depth references and a brief discussion of concepts
and basic principles of measurements techniques at low and high temperatures is
presented, which are utilized in this work. In addition to this, a discussion of potential
systematic errors (uncertainties), difficulty in measurement techniques and possible
corrections to determine the figure-of-merit most accurately for bulk TE materials is
addressed.

2.1 Low temperature transport properties
At low temperatures, the thermally excited carriers and phonon population density is
lower and therefore, the transport behavior of the materials is dominated by the intrinsic
properties. At fairly low temperatures (T<10% of Debye temperature,

of material), the

dominant scattering mechanisms are due to the crystalline structure and defects, such as
the nature of grain boundaries, impurities, and point defects that are present in the
system. Therefore, low temperature transport measurements are important to probe the
intrinsic behavior of the materials, where the role of phonon effects can be minimized.

2.1.1 Electrical resistivity and Seebeck (Thermopower) measurements: The electrical
resistivity and thermopower are intrinsic properties of materials, which exhibit
characteristic temperature dependence for each type of material in question. In general,
pure metals or degenerate semiconductors exhibit a roughly linear dependence on
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temperature for both electrical resistivity and thermopower (diffusive behavior, from Eq.
1.10), whereas semiconductors may exhibit a quite complicated temperature dependence
due to various scattering processes occurring simultaneously along with the presence of a
band gap that can be affected by dopants or impurities. All the scattering processes
(electron-electron, electron-phonon, phonon-phonon, defect scattering etc.) exhibit a
typical temperature dependence and are considered to be contributing to the transport in
parallel. According to Mattheissen’s empirical relation, if several distinct scattering
mechanisms are occurring in a system, the overall electrical resistivity of system would
be a simple sum of resistivities obtained if each scattering process was occurring
independently.[106] In context of relaxation time approximation (for details, see
References [37, 39, 40, 107]), the average overall relaxation time () can be obtained by
the reciprocal addition of the relaxation times for various scattering processes, as below:
(2.1)

where

represent the relaxation times for electron-electron,

electron-phonon, impurity and defect scattering respectively. This rule depends on the
approximation that the scattering processes are independent of each other and that they
occur in parallel. In most of the cases, this rule is followed by the material systems and
the deviations are often less than 2%. However, there may be cases where the rule breaks
down due to mutual dependence of the scattering processes in strongly coupled systems,
such as quasi-2D or -1D systems or strongly correlated electron systems. An extensive
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study of deviations from Mattheisssen’s rule is presented in reference [108]. Therefore,
electrical resistivity for overall relaxation time  (from Eq.2.1) is given by:
(2.2)
For measurement purposes, the electrical resistivity of a bulk sample is given in
terms of electrical resistance (R=V/I), cross section area (A) and length of the sample (L)
as shown in Eq. 2.3.
(2.3)
Since ρ depends upon the dimensions of the material, it is crucial to measure the
dimensions accurately. The majority of uncertainty in the electrical resistivity comes
from the uncertainty in determination of the sample dimensions. The dimensional errors
can be minimized by using a sample with uniform dimensions and measurement errors
can be minimized by calibrating the vernier calipers with standard samples. Eq. 2.3
ignores the effects of contact resistance. Typically, TE materials have fairly small contact
resistance and may be ignored but in case of semiconducting materials, the contact often
forms p-n junction giving rise to non-ohmic voltages, which may lead to erroneous values
of resistivity. Therefore, it is important to minimize the contact resistance for accuracy of
measurements in this case. A four-probe technique is generally employed, where current
is injected into the sample through one set of leads (I+, I-) and voltage is measured using
another set (V+, V-) to eliminate the effects of contact resistance or leads/solder in voltage
measurements.
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Thermopower, however, does not depend upon the geometry of the sample (Eq.
1.1) and is considered an easy measurement, in principle. In general, the relative
thermopower values (αAB) are measured with respect to the contact lead (often Au, Cu or
chromel) at each temperature. The contribution of contact leads must be subtracted from
the measured values to obtain the absolute thermopower values of the sample alone. In
practice, there may be several sources of error, especially in determining the appropriate
sign (+/-) of the thermopower. To avoid this error, it is important to consistently define
direction of temperature gradient with respect to the voltage measurement. The accurate
measurement of temperature is essential, which requires differential thermocouples to be
close to the voltage leads and electrically insulating from the samples. A poor thermal
contact between the sample and thermocouple may result in erroneous values.
In this work, thermopower and electrical resistivity were simultaneously
measured using a custom designed system in our lab that employs the differential and
traditional four-probe techniques respectively.[7] The system is equipped with a closed
cycle Helium cryostat capable of performing measurements in the temperature range of
10-320 K. The samples are mounted on the removable mounts as shown in schematic in
Figure 1. The accurate determination of current is accomplished by measuring voltage
across a known standard (precision) resistor in series with the sample. The value of the
precision standard resistor should be chosen according to the range of resistance of the
sample itself. In addition to this, TE materials exhibit large Seebeck coefficient or
thermopower values and the total voltage (VT) measured across the sample is the sum of
Seebeck voltage (VTE) and the resistive voltage (VR).
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(2.4)
In TE materials, VTE ~VR, therefore to minimize or cancel out the contribution
from VTE to the resistivity, the measurement should be made relatively fast (~ 200-300
mill-seconds) using AC or fast switching DC current sources. An averaging technique is
used in our systems by reversing the direction of current (from I+ to I-) to subtract this
contribution due to thermal voltages as shown in Eq. 2.5.
[

[

(2.5)

Using removable mounts (c.f. Fig. 2.1), samples were mounted using solder or Ag
paint between a copper base, which is in good thermal contact or a heat sink with the
system and a small copper block with a heater affixed on the top. Voltage leads (VT+ and
VT-) for Seebeck measurements (Fig. 2.1a) are soldered directly to the copper blocks
across the sample with the assumption that the no potential gradient or drop is established
within the Cu blocks due to its high thermal and electrical conductivities. Current input
wires are soldered to the two copper pieces while the two voltage leads for resistivity
measurements (Fig. 2.1b) were attached directly to the sample at about 1/3 and 2/3 of its
total sample length from the base. The temperature difference is measured using a 3 mil
chromel-Au (0.7at% Fe)-chromel differential thermocouple that was embedded into the
copper blocks soldered to the ends of sample.
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Figure 2.1: Removable sample mount displaying voltages measurements for low
temperature (a) Seebeck (thermopower) and (b) resistivity measurements. Source: Ref
[7].
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A small fixed (user-defined) temperature gradient is applied across the sample with
slowly varying the base temperature. At each temperature of interest, several voltage
measurements are made and a temperature sweep is performed in the steps defined by the
user. Thermopower measurements are made when input current through the sample is set
to zero. A custom designed Labview® program is used for data acquisitions and to
control the current flow and maintain the temperature gradient in the sample. Many of the
details of the program can be found in references [109, 110]. The data is measured every
60 sec to continuously track the temperature dependence of these properties. This
configuration yields the most reliable and consistent resistivity and thermopower
measurements but requires the user to ensure good thermal contact to the base.[105]

2.1.2 Thermal conductivity measurements: Thermal conductivity measurements of TE
materials are the most difficult and intricate measurements to make with high accuracy
(~5%). Good TE materials possess low thermal conductivity and therefore, the heat tends
to flow through other conducting paths available such as connecting wires or air/gas
around the sample. This results in erroneous interpretation of the values. Appropriate
thermal shielding and heat loss corrections should be done to minimize these losses. [105,
111] There are many potential sources of error and care must be taken while measuring
these materials.
Low temperature thermal conductivity is measured on our custom designed four
probe measurement system that employs steady state power sweeping technique. Details
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of the measurement set up and technique employed is given in references [8, 111] The
thermal conductivity of a material in steady state is given by:
(2.6)
where P is the thermal power supplied from the heater current (=I2R), L is the distance
between the thermocouples and A is the area of cross section of the sample, as shown in
Figure 2.2. K is the thermal conductance of the sample, which is obtained from the slope
of power P vs ΔT sweeps.
The removable sample mounts shown in Fig. 2.2 are mounted on commercial
Quantum Design® pucks modified for our thermal conductivity set up. These pucks can
be plugged into the cold finger of closed cycle refrigerator in our custom designed system
that houses a Quantum Design® pucks receptacle and can measure the thermal
conductivity from 10-300 K. For steady state measurement, the base temperature is
stabilized to within ±50 mK of the set temperature to keep the sample in thermal
equilibrium with the system before any data acquisition. This thermal stability of the sink
is essential in achieving precise thermal conductivity data. This stability of ± 50 mK was
maintained throughout the entire measurement at each temperature set-point. Once a
steady-state condition is achieved, the current input into the heater is calculated from a
measured voltage drop across a standard resistor in series with the heater, and the
electrical power input into the heater is calculated from P=I2R. To minimize the thermal
loss through conduction along leads, only two leads (Phosphor bronze wires) are
connected from the heater to the sample puck, and then break out into four wires from the
puck to the measurement panel. The small error arising from voltage drops along the two

36

leads from the puck to heater has been determined and is accounted for in calculations of
the heater power. Therefore, the corrected heating power input into the sample is given
by:

. The

with bronze leads

term is further minimized by connecting the heater
at 300K), as this causes small resistive contributions

and therefore small thermal conduction losses. Smaller diameter of the thermocouples (1
mil or 0.001”) of constantan-chromega-constantan is used for these measurements. In
addition to their small cross-sections (1 mil diameter), these materials have much lower
thermal conductivities
relative to copper

and

at room temperature

and therefore heat losses via conduction may be

significantly minimized (less than 2%). Although, using small diameter thermocouples
makes the mounting of the samples extremely tedious but better accuracy can be
obtained. In order to keep the thermocouples electrically insulated from the samples, a
thin layer of thermal epoxy (Stycast®) is used to attach Cu wires (#38) and then junctions
of the thermocouples are soldered on it as shown in Fig. 2.2b. The measurements are
performed after evacuating the chamber to ~ 10-3 Torr to minimize the heat loss through
convection or air/gas transfer.
An additional source of error is the power loss from the radiation through sample,
heater and connecting wires etc. Radiation losses are minimized through a series of
shields and guards as described in [8]. However, in spite of all the precautions and
measures taken, radiation losses are sometimes unavoidable at higher temperatures
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(typically beginning at T > 200-250 K). The radiation losses can be quantified by
Stephan-Boltzmann relation as shown in Eq. 2.7.
(2.7)
Here, Ts and T are the temperatures of sample and surroundings respectively,
Stephan-Boltzmann constant (=5.7×10-8 Wm-2K-4) and

the

the emissivity. The

From Taylor expansion of the term Ts4, Eq.

system temperature is given by
2.7 may be simplified as:

(2.8)
In order to correct the thermal conductivity for radiation losses, the lattice thermal
conductivity (κL) is plotted vs T3 for T >100 K or above the peak in a good crystallinelike material. If a linear relation is observed, it can be assumed that the difference in κL
values is most likely associated with radiation losses. These losses near room temperature
can be as high as 15-20%. Samples with losses this high are reported as is, with no
corrections performed.

Irrespective of minimizing all the losses, the uncertainty in

sample dimensions itself may introduce 5-10% uncertainty in measurements.[105, 112]
In summary, a short and thick sample is preferred for thermal conductivity
measurements (Eq. 2.6) whereas a long and thin sample is better for minimizing signalto-noise ratio in resistivity measurements (Eq. 2.3). Typical bulk sample dimensions are
2×2×8 mm3. To reiterate, it is essential to use transport data measured on the same
sample and along the same direction.
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This will ensure that the ZT is indeed representative of the specimen, with all defects,
texturing, anisotropy, etc. included. Additionally, since the sample dimensions are used
for the calculations of both the electrical and thermal conductivities in the same way, the
uncertainties in sample cross sectional area will cancel out and causing smaller
measurement uncertainties in that case.

Figure 2.2: (a) The schematic of removable sample mount for low temperature thermal
conductivity measurements in our labs and (b) shows the side/ cross sectional view of the
sample where the 1 mil thermocouple is soldered on the Cu wire sticking to the sample
surface. Source: Ref [8].

39

Figure 2.3: Temperature dependence of lattice (κL) and electronic (κe) contributions to
the total thermal conductivity (κT) for a typical low temperature measurement. The
difference in measured and corrected κL values illustrates radiation losses in the system
(as discussed in the text).

2.1.3 Hall coefficient measurement: The Hall coefficient is measured on a commercial
Physical Property Measurement System (PPMS) designed by Quantum Design® using
AC transport (ACT) option. AC bias has better sensitivity than the DC bias and the
system utilizes AC current with frequency from 1 Hz to 1 kHz. The basic phenomenon
can be explained in terms of electro-magnetic effect discovered by Edwin Hall in 1879
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and later explained in terms of Lorentz force on charge carriers (1904), which is now
known as Hall effect.
A sample with current flowing in transverse direction (say, along x-direction) is
placed in a longitudinal magnetic field (z-direction), a potential difference is developed
across its ends (in y-direction), perpendicular to both the charge carrier velocity (v) and
magnetic field (B). This potential difference arises from the deflection of charge carriers
from one end of the sample to the other due to the Lorenz force

acting

on the charge carriers (q) moving with velocity v (due to electric field) in presence of
magnetic field, B. This magnetic force is balanced by the electrostatic force acting on
charge carriers,

. This phenomenon is known as Hall effect and the voltage

generated across the sample of thickness or width (t) is known as Hall voltage (Figure
2.4), which is given by Eq. 2.9.
(2.9)
where n is the carrier concentration of the sample and RH is the Hall coefficient. Clearly,
n can be estimated from RH as shown in Eq. 2.10 for single carrier system.
(2.10)
From Eq. 2.9:
(2.11)
where,

is the transverse Hall resistivity measured by the system by sweeping magnetic

field between a set range ( in this work, between +0.5 T to -0.5 T) at each temperature
point. As shown from Eq. 2.11, the value of slope is obtained from B vs

41

graph and it is

used for calculation of carrier concentration. The sign of RH (+ or -) determines the type
of high mobility carrier present in the system.
The commercial system employs five-wire/probe measurement using three Hall
voltage leads (-V, +VA and +VB) and two current leads (I+/ Iin , I- / Iout). A simple
schematic of such configuration is shown in Fig.2.5. The error in this measurement may
arise from the misalignment of the voltage leads or magnetic field, so that the v and B
fields may not be perpendicular to each other. Therefore, the five-lead measurement
requires all the three Hall voltage leads to be balanced electronically with a bridge at zero
magnetic fields to eliminate any resistive contributions, as shown in Fig. 2.5. In addition
to this correction, some magneto-TE effects may affect these measurements, such as
Nernst effect, Ettinghausen effect and Ridgi-Leduc effect. The details of such effects are
discussed elsewhere.[113-115] To minimize errors due to these TE effects, an average
over Hall voltage measured by reversing the directions of current and magnetic field
should be used. The commercial system utilizes an AC current and reverses the field B to
obtain corrected value of Hall voltage after averaging. Additionally, thin samples (with
smaller thickness or height ‘t’) yield smaller error percentages due to better signal to
noise ratio of the measured Hall voltage VH as shown in Eq. 2.9.
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Figure 2.4: Schematic illustrating the Hall effect: deflection of moving charge carriers
(electrons (e-) in this figure) in presence of magnetic field B.

Figure 2.5: Five-lead (probe) configuration for accurate measurement of Hall voltage.
The leads are electronically balanced by a bridge at B = 0 to eliminate any offset due to
resistive contribution. Source: Ref [9].
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2.2 High temperature transport properties
High temperature transport measurements are essential to obtain ZT values of the TE
materials operating in high and intermediate temperature ranges. The high temperature
measurement systems are commercially available systems, which are more versatile and
are designed to perform measurements on a wide variety of materials. Hence, it is
important to check the measurement reliability, especially in case of TE materials where
isolated measurements may be a bit tricky due to coupling in properties as explained in
the previous sections. Since, our low temperature measurement systems are custom
designed for TE materials, and are well understood in how they work and this data
obtained from those systems is more trustworthy than commercial systems. It serves as
another cross-check and adds certainty to our measurements, if the data and trends
obtained from both the high and low temperature systems match with each other.

2.2.1 Electrical resistivity and thermopower measurements: A commercial ZEM-2
system manufactured by ULVAC® Technologies, Inc. was used for simultaneous
measurement of high temperature electrical resistivity and thermopower. The system can
safely operate from room temperature to 600°C. It has recently been upgraded to a ZEM3 system but all the data in this thesis was taken on the ZEM-2 system.
Similar to our low temperature system, ZEM-2 employs the four-probe
measurement technique for measuring electrical resistivity using Eq. 2.3. However,
unlike the former, the ZEM-2 utilizes mechanical springs and Nickel stubs with current
leads to make pressure contacts to the sample for good electrical contact as shown in Fig.
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2.6. In this system, each voltage and current leads serve as thermocouples (K-type),
which provides an additional advantage of measuring the exact temperature at the point
of contact. The two voltage/ thermocouple probes are used to simultaneously measure
temperature difference (ΔT= |T1-T2|) and potential difference (ΔV) at the points of
contact on the sample. The negative leads of the thermocouple (shown in blue in Fig. 2.6)
are used to measure both the Seebeck voltage, when I=0 and resistive voltage (with
contribution from Seebeck voltage), when I≠ 0.

The temperature dependent

measurements are made by heating the system using six halogen lamps and concentrating
the heat at the focal point of six curved reflecting surfaces in the furnace surrounding the
mounting set up. The base temperature is monitored by an external thermocouple probe
which is held in place by Ni sheath enclosing the assembly shown in Fig. 2.6. After
stabilizing the system at a set base temperature, Pt heater in the high temperature ceramic
block is used to apply a small temperature gradient (user defined) across the sample.
Upon stabilization of ΔT, voltages of each probe thermocouple as well as voltages
between the negative leads of each thermocouple (c.f. Fig. 2.6) are measured in current
on and off conditions. The system makes several measurements to compare the data
points and records the average of last three data points with least standard deviation. This
measurement is repeated at three defined ΔT values. After completing a measurement at
one set temperature, the system heats up to next set temperature point. The analysis
program is used to obtain the final averaged values of thermopower and electrical
resistivity. The thermopower values are obtained after correcting for the wire or lead
contributions. More details of the measurement and analysis can be found in Ref [9].
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Figure 2.6: Schematic of ZEM-2 probe set up with sample, thermocouples, voltage and
current leads. The signals measured by the system are shown.
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2.2.2 Thermal diffusivity measurements: Laser flash method
As we have discussed in section 2.1.2 earlier that the thermal conductivity measurements
are the most difficult measurements due to several limitations and uncertainties of
measurement that may lead to erroneous results. At high temperatures (T >300 K), huge
radiative losses make it extremely difficult to directly measure thermal conductivity using
a steady state technique. Therefore, other methods are employed which enable the
determination of the thermal conductivity via calculating it from measured thermal
diffusivity (D) values (Eq. 2.12).
(2.12)
where

is the measured packing (mass) density and

is the specific heat capacity of

the sample.
Laser Flash thermal diffusivity (LFTD) is one of the techniques that employs
irradiation of sample surface by short laser pulses (

1 msec), that results in a

temperature rise of the opposite surface of the sample that is monitored by a Liquid N2
cooled IR detector. In our laborartory, a Netzsch® LFA 457 Micro Flash system was
used to measure the thermal diffusivity of the samples. This commercial system is
versatile in nature and can measure the thermal diffusivity of different shaped and wide
variety of samples (solid pellets, polymers, liquid samples, etc.). In this study, the
samples were in solid pellet forms (12.7 mm or 15 mm in diameter and 2-3 mm in
thickness). Our system is capable of measuring samples with thickness ranging from 0.55.0mm and the temperature ranging from room temperature to 1100 oC. The timetemperature profile is used to determine the values of thermal diffusivity. This method
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assumed isotropic and adiabatic sample (no heat loss) based on the theory originally
proposed by Parker et. al. for a one-dimensional heat flow in the system.[116] Using
boundary conditions of the sample geometry (thickness, l) and the time

, the

thermogram takes to reach half of the maximal increase in temperature (see Figure 2.7),
the thermal diffusivity (D) is given by Parker’s equation (Eq. 2.13):

(
A typical example of measurement of

)

(2.13)

from the pulse signal is shown in

Figure 2.7. Since the method assumes adiabatic sample and instantaneous pulse heating,
the accuracy is somewhat limited to variety of material systems. Additionally, the thermal
conductivity is indirectly obtained in this method and the uncertainty may be caused by
the measurements of dimensions and determination of other factors used in calculation of
κ (Eq. 2.12). Therefore an extra care must be taken to use flat and uniform samples. For a
perfectly flat sample, an uncertainty in the measurement of dimensions itself can cause
the uncertainty of 2-5% in thermal diffusivity. A caveat to this approach is that the
thermal diffusivity, and consequently the thermal conductivity, is measured in a direction
perpendicular to the direction of measurement of the low temperature κ values, so one
must take care when analyzing data in the case of anisotropic samples (Figure 2.8).
Details on the measurement in the appropriate direction using laser flash and
uncertainties in thermal conductivity for strongly textured TE material such as Bi2Te3 are
specifically addressed in Chapter 5. It is crucial to measure all the properties on the same
sample and along the same directions, especially for anisotropic samples, to ensure
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precision of measurements. Sometimes, measuring on several pieces of anisotropic bulk
samples and then averaging the values may provide reliable results.
To calculate the values of κ from Eq. 2.12, it is required to measure
Mass density (

and

.

of the sample is measured using Archimedes method, where sample

pellet is submerged in water to measure the buoyancy force by observing the change in
the apparent mass (measured in water) from the actual mass (measured in air) of the
sample as shown in Eq. 2.14.
(2.14)
where, volume of the sample pellet,

, and density of water,

1g/cm3.

This method can determine the density of non-porous materials of any shape and size
with an uncertainty of ~1-2%. However, for porous materials which tend to absorb water
and change their mass, other techniques may be employed to determine the density such
as, gas Pycnometer. Details of this technique and a comparison with Archimedes method
are presented in Ref. [9].
Eq. 2.12 requires the specific heat capacity at constant volume (Cv) for calculation
of κ. For most incompressible solids and liquids,

. It is not feasible to measure Cv

experimentally due to the thermal expansion/contraction of most of the materials upon
heating or cooling and therefore, the necessary condition to keep the volume constant
cannot be satisfied. However, it is easier to control the pressure in the system and heat
capacity measurements can be made at constant pressure. Therefore, for all practical
purposes,

is used in calculation of κ.
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Figure 2.7: A schematic of typical signal from the IR detector of laser flash showing the
time used in calculation of κ.
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Figure 2.8: (a) A simple schematic showing the laser flash method, where sample is
flashed with a short pulse of laser for heating it by ΔT, (b) the directions of measurements
made on low and high temperature systems are shown in our laboratory.
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The

values can be measured using differential scanning calorimetry (DSC) and

the ratio method. This technique employs a comparison (ratio) of the heat flow rates
between a sample and a reference material by tracking the temperatures of both.
Typically, Sapphire is used as reference or standard sample for the ratio method. Several
sapphire standards are available with different masses. In ratio method, the mass of the
sapphire standard should be chosen so that the molar masses of the sapphire and sample
have similar orders of magnitude, so that the signals are comparable. DSC is a very
useful tool for thermal analysis and can be used to probe many types of structural phase
transitions that affect the specific heat capacity of a material. In addition, many other
transitions, such as glass transitions, solid-solid phase transitions, partial or full melting,
or degassing in a material can be observed from DSC.
In our laboratory, NETZSCH® Pegasus 404C system is used for high temperature
(above room temperature) DSC and Cp measurements. This system uses a platinum stage
that accommodates two small crucibles. The crucibles are made of platinum with alumina
liners and platinum lids. The base holder (stage) underneath each crucible is attached to
one junction of a differential thermocouple. When the two points of contact with the
stage (beneath each crucible) are isothermal, the signal from the differential
thermocouple leads will be zero. As heat is evenly input into the system at a constant rate,
the difference in total thermal capacities of the contents of the two crucibles will result in
a difference in their temperatures and thus a DSC signal.
This method is extremely sensitive to any differences caused by the two sides of
the stage as well as crucible positioning etc. Therefore, the Cp measurements are
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performed in three steps. A baseline is measured first with respect to reference (empty)
crucible. It is advisable to repeat the baseline measurement to ensure that no other factors
contribute to the measurement. Next, a sapphire standard is measured under same
conditions with respect to reference crucible and then thirdly, sample is measured with
respect to the reference crucible. After all three curves are measured; the baseline is
subtracted from both the standard and the sample DSC curves. The ratio between the
known standard and the sample curves can be used to determine Cp of the sample.
Due to the sensitivity of the system, it is required to have flat and mirror polished surface
of the sample for better thermal contact with the crucible. This helps in accurately
reading the change in temperature of the sample and reference with the heating rate.
More details on the DSC technique, the measurement set up and data analysis can be
found in various sources. [117, 118]
A typical example of the data obtained after ratio method is shown in Figure 2.9.
Clearly, the CP values reach the theoretical limit, known as Dulong-Petit limit at
temperatures above Debye temperature. The Dulong-Petit limit for a bulk (3D) material
can be given by:

per atom, or CV = 3R = 25 J/mol-K (R = gas constant)

which is obtained using equipartition theorem of statistical mechanics. The details of the
theoretical derivation of this result, basic theory of heat capacity at low temperatures and
its limiting cases can be found in various sources and are not reproduced in this chapter.
[37, 39, 107] However, the Dulong-Petit limit of Cp values for a compound can be
obtained by using Eq. 2.15
(2.15)
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where, N is the number of atoms per formula unit, R is the ideal gas constant (= 8.134
J/mol-K) and M is the molecular weight of the formula.
In absence of any structural or electronic transition above room temperature, CV
approaches this theoretical Dulong-Petit limit and therefore, Cv or CP values may be
estimated. Therefore, in absence of any transitions in DSC data, the Dulong-Petit limit to
heat capacity is considered to be valid for calculation of thermal conductivity from Eq.
2.12.
It is challenging task to measure transport in various material systems with high
accuracy. The chapter presented a brief discussion of various techniques employed to
measure TE properties of materials required for determination of ZT values. Further, the
importance of accurate and reliable measurements for advancement of TE research is
emphasized by providing a summary of possible potential systematic errors and
techniques to minimize those errors in some of the currently available measurement
systems. Testing the reliability and reproducibility of measurements will help eliminating
the publication of erroneous results.
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Figure 2.9: Typical data measured from DSC ratio method and the estimated values of
CP from Dulong-Petit limit for a p-type skutterudite sample shows good agreement.
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Chapter 3
Thermoelectric and magnetic
properties of p-type FeSb3-based
skutterudites: Effects of Ni-doping
and surpassing the filling fraction limit
3.1 Introduction: Skutterudites and thermoelectrics
For past two decades, an intensive worldwide search has identified some materials which
are promising candidates to bring a breakthrough and open up new horizons in the field
of thermoelectricity. Filled skutterudites are an integral part of the prospective materials.
Several researchers have been exploring doped and filled skutterudites as potential
materials for TE devices due to their high ZT ensuing from their phonon glass electron
crystal (PGEC) like behavior [64, 119] (see details in chapter 1, section 1.4.1). Among
all TE materials, skutterudites have been the preferred choice due to: i) open crystal
structures with large voids, which facilitates modification of the crystal structure for
improving electrical transport and reduce thermal conductivity, ii) good mechanical
strength for utilizing as vehicle exhausts, iii) extended operating temperature range, iv)
low electronegativity difference between the constituent atoms and large carrier
mobilities, v) modest thermopower.[63, 83]
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The name ‘skutterudite’ was originated from a small mining town ‘Skutterud’ in
Norway where these materials were discovered. The mineral was identified as CoAs3
and structural properties were studied by Oftedal et. al in 1928 [120]. In 1977, Jeitschko
and Brown synthesized filled skutterudite materials for the first time and presented the
possibility of filling the open structures or cages with lanthanide ions [121, 122]. The
general chemical formula for filled skutterudite compounds is RM4X12, where R is the
filler atom, M the transition metal and X the pnictogen atom. Binary skutterudites
crystallize into a body centered cubic structure (Im-3 space group) and contain 32 atoms
per unit cell (Fig. 3.1). The ‘M’ atoms occupy 8c sites (¼, ¼, ¼), ‘X’ atoms occupy 24 gsites (0, y, z) and contain two voids at 2a-sites (0,0,0) or (½, ½,½) which can be filled
with electropositive ions smaller than the cage size.[123] These filler atoms/ ions rattle
inside the cage and reduce lattice thermal conductivity by scattering phonons. It is
noteworthy that the complex [M4X12]4- forming the basis of filled skutterudite is not
charge neutral and the filler ion R4+ supplies the missing electrons to form stable charge
neutral compound. The tetravalent ions, such as lanthanides or actinides (with empty 4for 5f- electron shell) are the common choices for partially filling the voids.
Recently, there have been several successful attempts of filling skutterudites with
alkali, alkaline earth and group IV elements along with various lanthanide and actinide
series elements[4, 124]. However, most of the rare earth elements have variable valence
states and alkaline earths display divalent states. Therefore, filler ions with valence less
than 4+ show lower valence count and tend to behave as paramagnetic metals. As shown
in chapter 1 (Fig. 1.2), the metals have lower thermopower values and hence not
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favorable for thermoelectricity. In order to force these compounds back to
semiconducting regime, it is required to obtain charge compensation which can be
achieved by doping of group IV elements at X-sites [125]. The possibility of utilizing
various elements for filling the voids opens up new horizons to achieve higher ZT in
these materials. In addition to filling, opportunities to dope various elements at ‘M’ and
‘X’ sites not only greatly expand the range of filled skutterudite compounds but also
result in plethora of fascinating physical properties.

Figure 3.1: Unit cell of filled skutterudite RM4X12, displaying voids occupied by the filler
ions. Source: Ref. [10]
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The class of skutterudites containing Sb as the pnictogen atom (X = Sb) form the
main stream of both n-type and p-type compounds and are of major interest since they
contain largest voids and therefore allowing a variety of filler atoms into the system. For
an active and efficient device fabrication, we require n- and p-type TE legs to be
operating in the similar temperature regime with equivalent performance (ZT). In the last
decade, n-type skutterudites (CoSb3-based) have shown quite significant improvement
and researchers have achieved ZT values >1.2 at 800 K [103, 126, 127]. However, a lack
of similar progress in p-type skutterudites has been a major hurdle for efficient TE device
fabrication.
The focus of this chapter will be primarily on FeSb3-based skutterudites which
belong to the p-type category. Two of the main approaches adopted were to improve the
performance of these skutterudites are filling (Ce, Yb and In) and doping (Co and Ni).
Additionally, we have also studied the effects of surpassing the filling fraction limit on
the transport properties. The details on synthesis, characterization and transport results
will be presented in this chapter. Our results obtained on low temperature electronic and
magnetic properties will be discussed in details. A short summary of the results obtained
on CoSb3-based p-type skutterudites studied as a part of this project is also presented in
the end.

3.1.1 FeSb3-based p-type skutterudites
It is well known that Fe-based binary skutterudites having the general chemical formula
FeX3 (with X=P, As, Sb) belong to the p-type skutterudite category. This phase cannot be
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synthesized under equilibrium conditions. As apparent from the Fe-Sb phase diagram
(Figure 3.2), [11, 128] FeSb3 forms a metastable phase and therefore it is not included in
the phase diagram [128]. This skutterudite phase was found by Alekseevskii et.al. in
1948.[129] Any tetravalent electropositive filler atoms (R, such as Ce, Yb etc.) may be
included to stabilize such compounds leading to the total chemical composition RyFe4X12
as discussed in the previous section 3.1..[130]
The p-type skutterudites obtained by substitution of Co at Fe sites have been the
most explored possibility with highest figure of merit ZT so far, for example,
(Ce/La)yFe4-xCoxSb12 in bulk thermoelectric materials.[131-135] It is important to point
out that there has been lot of irreproducible data in the past and ZT enhancements
reported in many articles cannot be repeated due to lack of standard techniques of
measurements at high temperatures. For the past few years, the reproducible peak ZT
values of p-type skutterudites is ZT ~ 0.8 at 800 K (Fig.3).[12] Recently, Rogl et al. have
achieved a ZT > 1 in p-type FeSb3-based skutterudites by filling with unique combination
of rare earth mixture of Nd and Pr (often referred to as Didymium).[136]
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Figure 3.2: Fe-Sb phase diagram. Dashed-dotted lines represent Curie temperature Tc.
Source: Ref [11].

Figure 3.3: Figure of merit ZT for the state-of-the-art p-type thermoelectric materials.
Source: Ref [12].

61

3.2: Ni-doped FeSb3-based filled skutterudites and Filling fraction limit
(FFL)
As mentioned in the previous section, the possibility of Co-doping at Fe-sites is largely
explored by several researchers to improve thermoelectric performance of skutterudites in
addition to filling. However, successful attempts with Ni doping are scarce which can
yield reproducible results with high ZT values.[137, 138] It may be due to the rigid
constraint imposed by the bonding scheme on the binary skutterudites and resulting
charge imbalance. Additionally, it is not possible to synthesize pure FeX3 and NiX3
phases when Co is fully replaced by Fe or Ni in the CoSb3 skutterudite phase. However, it
should be possible to symmetrically substitute Co by Fe and Ni that can preserve total
number of electrons as shown by the equation below [125]:

In this scheme, it appears as if Fe and Ni (Fe-Ni+) form pairs equivalent to Co, where
conduction electron of Ni forms occupies the nonbonding d-orbital of Fe. In an effort to
optimize electronic transport, substitutional Ni doping with different ratios is performed
in addition to filling the voids for thermal conductivity reduction.
To date, filling has been one of the main approaches for improving ZT in
skutterudites by significantly reducing their lattice thermal conductivity. It is well known
that most of the skutterudite compounds are partially filled and it is difficult to fully
occupy all the voids in the skutterudite structure with various filler ions. Occupancy of
the voids depends upon the type of filler ion and chemical composition of the skutterudite
phase. Void occupancy can be increased progressively by substitutional doping of Fe at
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Co sites. For instance, Ce ions can only fill 10% of the voids for pure CoSb 3 phase (x=4
in CefFe4-xCoxSb12), whereas for x=0, full occupancy of voids is possible. Hence, the
interdependence of filling fraction (f) of any given filler ion on the degree of charge
compensation can be established by careful investigation of structural analysis and phase
diagrams.[125] It has not been fully understood which factors influence the filling
fraction limit (FFL) of various fillers in the host skutterudite lattice. It is believed that
several factors, such as charge state, electronegativity of the filler etc. are considered in
determining the FFL. There is no quantitative theoretical model that can predict the
experimental FFL and physical properties that influence this limit. In 2005, Shi et. al
[139] had predicted a model that takes into account the formation energies of possible
secondary phases that can be formed during the synthesis process and hence limit the
filling occupancy of voids. The overall theoretical FFL of Ce in filled p-type FeSb3-based
skutterudites has been found to be ~1. Interestingly, it was observed that the doping ratio
of transition metals (at Fe sites) affects the theoretical FFL. In particular, previous
experimental studies involving Co and Ni dopants showed that the FFL of Ce atoms
reduces to 0.7-0.9 in CexFey(Co/Ni)4-ySb12 as shown in Fig. 3.4.[13, 140]
Hence, in order to understand the role of doping ratios of Co and Ni (=M) in
CefFe4-xMxSb12 on the FFL and resulting transport properties, we prepared several
samples with different doping concentrations. In addition to this, we prepared several
samples by surpassing the FFL to study the effects of favorable in-situ secondary phases
formed on the transport properties. The details of sample preparation and results will be
discussed in the following sections.
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Figure 3.4: Ce filling fraction (f) in CefFe4-xMxb12 samples as a function of Substitution
of Fe by M (=Ni, Co and Ru). Source: Ref [13].

3.2.1. Sample preparation and characterization
The polycrystalline p-type skutterudite ingots were prepared by standard melt-annealing
technique to study:
i)

The effect of Ni doping ratio on the transport properties, and

ii)

Influence of surpassing the FFL on the transport properties by varying In ratio in
the InyCe0.9Fe3.5Ni0.5Sb12 samples after keeping the Fe/Ni as well as Ce filler ratio
fixed at optimized concentration. Therefore, the samples are labeled based on the
In ratio in the samples with nominal compositions of InyCe0.9Fe3.5Ni0.5Sb12 (y =
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0, 0.1, 0.5). It is worth mentioning that the intermediate compositions (y = 0.2,
0.3 and 0.4) did not form stable skutterudite phase.
The stoichiometric amounts of high purity Fe (99.998%), Ni (99.998%), Ce (99.9%)
powders, Sb shots (99.999%) and In ingots (99.99%) (Alfa Aesar) were sealed in carbon
coated evacuated quartz ampoules. These quartz ampoules were then heated to 600 oC (at
a rate of 1 C/min) for 3 hrs. Subsequently, the samples were heated to 1050 oC (at a rate
of 0.5 C/min) and were maintained there for 30 mins. It is important to note that the
samples were kept at 1050 oC for a very short time instead of several hours (24-48 hrs) as
reported by several authors and then ampoules were then cooled down rapidly to 650 oC
and annealed for 72 hrs. This helps in facilitating the formation of favorable in-situ
secondary phases. The obtained ingots were pulverized into fine powders and then
densified using Spark Plasma Sintering (SPS; Dr. Sinter Lab, SPS-515S) technique at 890
K for 15 minutes in vacuum under a pressure of ~30MPa to obtain compact bulk samples.
Ce0.9Fe3CoSb12 sample was also prepared to compare the properties with Ni-doped
samples. Before the SPS process, the samples were loaded into graphite dies and graphite
rods were used to apply the pressure. Graphite foil was placed between the rods and the
powders to make them easier to remove from the dies. They were then cold pressed
before insertion into the SPS chamber.

The resulting SPS pellets were 15 mm in

diameter and 2-3 mm in thickness.
The phase of these samples were confirmed using powder X-ray diffraction
(XRD) technique (High resolution Rigaku Ultima IV diffractometer, Cu Kα radiation, λ=
1.5406 Å). The densities of the samples were measured using Archimedes method and
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were found to be > 97% of theoretical density. Thermal diffusivity was measured by
Laser Flash (NETZSCH LFA457) system. The high temperature thermal conductivity
was calculated using relation in Eqn 2.12 κ =

CpD; where

is the measured packing

(mass) density of the material, D is thermal diffusivity and Cp (≈CV, for solids) is the heat
capacity estimated using Dulong-Petit limit. The high temperature thermal conductivity
agrees very well with the measured low temperature values. This gives us confidence that
the Cp and CV values are very close, especially at lower temperatures (T ≈ 300 K). Then
rectangular sample bars with typical dimensions 11x 2x 2 mm3 were cut from the pellets
with a diamond saw for measuring their electrical and thermal transport properties. At
high temperatures (300-800 K), the electrical resistivity and thermopower were
simultaneously measured using the commercial ZEM-2 (Ulvac Riko, Inc.) system under
low pressure of high purity He atmosphere. Low temperature (in the range of 10-325 K)
resistivity and Seebeck coefficient (thermopower) were measured almost simultaneously
using four-probe differential method on a custom-designed system.[7] The low
temperature thermal conductivity was measured using a four probe steady state method
on a custom designed system from 20-320 K.[8] Both systems used custom designed
measurement programs developed in our laboratory using Labview® software and many
of the details are given in chapter 2.
Magnetic susceptibility measurements were performed by a vibrating sample
magnetometer option on Quantum Design® physical properties measurement system
(PPMS). The data was collected at magnetic fields of ≈ 2000 Oe and the molar magnetic
susceptibility was calculated in the temperature range of 8-300 K. The background
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diamagnetic contribution from polyethylene tube was negligible as compared to samples.
A Hitachi SU-6600 scanning electron microscope (SEM) was used for the simultaneous
imaging and elemental analysis using energy dispersive spectra (EDS) to determine the
chemical composition of secondary phases that are present in the system.

3.2.2 Experimental Results and discussion
Effect of Ni doping on the transport properties
The possibility of Co-doping with various fillers has been extensively studied in
literature. Therefore, a similar composition was prepared with Ni-doping (CeFe3NiSb12)
to compare the properties with well-studied Co-doped composition (CeFe3CoSb12).
Additionally, CeFe3.5Ni0.5Sb12 composition was also prepared with reduced doping ratio
of Ni. The rationale for choosing CeFe3.5Ni0.5Sb12 composition follows from Chapon et
al.[140] Using detailed TE and magnetization measurements on CefFe3-xNixSb12 (x =0,
0.5, 0.95, 1.1, 1.5), Chapon et al. argued that the substitution of one Ni atom at one of the
Fe sites is equivalent to that of two Co atoms.[140, 141] We used theoretically predicted
filling fraction for Ce (f=1) as shown in Fig. 3.4 to prepare nominal compositions of the
compounds CefFe3.5Ni0.5Sb12. The studies in ref [140] indicated that the filling fraction of
Ce in the voids reduces to 0.6-0.7 for CefFe3.5Ni0.5Sb12. However, our samples prepared
with smaller nominal filling fractions of Ce (f < 0.9) resulted in higher lattice thermal
conductivity indicating the possibility of more fillers may be introduced into the voids
(see Appendix C). On the other hand, we realized significantly better electronic
properties than ref [140] with our synthesis procedure for higher Ce content due to

67

smaller fraction of impurity phases formed in our samples. Hence, we worked with
higher Ce filling fractions for our studies further. We observed trace amounts of
unreacted Ce in our samples (XRD data, Fig. 3.6), which indicates that all the Ce may
have not occupied the filler sites.
The thermopower of samples with different Ni doping ratio (x = 0.5 and 1) in
CeFe4-xNixSb12 as a function of temperature is shown in Figure 3.5a. The thermopower of
the sample with x=1 (CeFe3NiSb12) is smaller in magnitude relative to the sample with
x=0.5 (CeFe3.5Ni0.5Sb12). The smaller thermopower values of CeFe3NiSb12 may be
understood as a metal–like thermopower behavior possibly originating from the
uncompensated charges (extra electrons in this case) left behind due to ionic imbalance as
explained in section 3.1. As a result of smaller thermopower values, the resulting power
factor is lower. On the other hand, sample with x=0.5 shows higher thermopower and
power factor (Fig. 3.5), as expected from argument by Chapon et. al. The sample
prepared with filling fraction f=0.9 of Ce resulted in the similar transport properties as
CeFe3.5Ni0.5Sb12, hence we chose to work with Ce0.9Fe3.5Ni0.5Sb12 as our parent material
for further studies.
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Figure 3.5: Thermopower (a) and Power factor (b) as a function of temperature for
different Ni doping in CeFe4-xNixSb12, with x=0.5 and 1.

69

Influence of surpassing the FFL on the transport properties
In general, secondary phases tend to deteriorate electrical transport properties such as the
electrical conductivity. However, some researchers have shown that exceeding the
theoretical filling fraction limit (FFL) actually improves the electrical and thermal
transport in some skutterudite materials, primarily due to the formation of
thermodynamically favorable in-situ secondary phases (such as InSb in the case of
incorporating Indium into the system)[102, 103, 126, 127, 142] Typically, excess Sb is
added to the growth since Sb is volatile and tends to come out of the system during the
annealing process, making the formation of InSb a favorable secondary phase. From
these studies, it is not yet clear whether some In goes into the cages as a filler or acts as a
dopant in the material.
In this work, Ce0.9Fe3.5Ni0.5Sb12 was used as the parent compound due to the
reasons described in previous section 3.2.3. Further, In was incorporated as second filler
into the parent compound (InyCe0.9Fe3.5Ni0.5Sb12 with y=0, 0.1, and 0.5) with the
intention of exceeding FFL in the Ni- doped system and study the resulting transport
behavior. These results are published in ref [104] All these compounds are listing the
nominal starting composition.

X-ray

diffraction

and

SEM:

The

obtained

X-ray

diffraction

patterns

of

InyCe0.9Fe3.5Ni0.5Sb12 (y= 0, 0.1 and 0.5) samples match with the previously reported
filled skutterudite antimonide phase [140, 141] as shown in Figure 3.6. Additionally,
InyCe0.9Fe3.5Ni0.5Sb12 samples show extra peaks (see Fig. 3.6 inset) suggesting that In is
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present in the final samples as secondary phase of InSb. Some trace amounts of other
secondary phases such as, FeSb2, Sb and Ce were also observed from XRD. It is worth
noting that formation of InSb occurs only in trace amounts and does not preclude the
presence of In at the filler site.

Figure 3.6. X-ray diffractograms of InyCe0.9Fe3.5Ni0.5Sb12 (for y = 0, 0.1, 0.5) samples,
showing the filled skutterudite phase (Ce0.9Fe3.5Ni0.5Sb12) and traces of impurity phases
of InSb (reflections shown in insets), FeSb2 ( ), Sb ( ) and Ce ( ) present in the
system.

The SEM images and compositional analysis (EDX) showed the presence of InSb
rich inclusions/ nanostructure and FeSb2-rich aggregates (see Fig. 3.7 and 3.8).
Importantly, an increase in the FeSb2 and InSb phases were found with an increase in In
concentration. Such an increase in secondary phases may reduce the amount of Sb
available to form the desired skutterudite phase. As a result, a relatively larger amount of
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FeSb2 aggregates were clearly observed for In0.5Ce0.9Fe3.5Ni0.5Sb12 (as shown in Fig. 3.6d
and 3.7). However it is important to note that EDS only probes some fraction of the
surface of samples and elemental ratio obtained using this technique may not be accurate.
Further, micro-Raman spectra and XRD did not show any possible presence of CeSb,
CeO2, Ce2O3 phases in our samples. CeO2 is Raman active and small fractions of CeO2
can be easily detected by Raman, however no peaks were observed in Raman data.
Interestingly, Ni-doped samples were found to have lamellar features whose size ranges
from few microns to several tens of microns extending throughout the samples (see Fig.
3.7b-d). Our detailed SEM studies showed that the extent (and the size) of such lamellar
features reduces from 80-100 µm in y = 0 samples to 20-30 µm in y = 0.1 samples. In y =
0.5 samples, the absence of evident lamellar features suggests that the In incorporation
changes the micro-texture of samples.

Thermal and Electrical Transport properties in different temperature ranges:
High temperature transport behavior (T> 300 K): As shown in Figure 3.9, the total
thermal conductivity for the parent compound (Ce0.9Fe3.5Ni0.5Sb12) reduces appreciably
relative to its corresponding Co-doped composition (Ce0.9Fe3CoSb12) with Ni-doping.
The dominant phonon scattering mechanism in filled skutterudites arises from the rattling
modes of the filler atom (in this case, Ce atoms). The details of thermal conductivity
behavior in different temperature regimes, the phenomenological model and analysis
pertaining to our data on these skutterudite samples is presented in section 3.4. At higher
temperatures (T > 500 K), the bipolar contribution to the thermal conductivity dominates
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in all of our samples. In particular, the bipolar term is strongly temperature dependent for
Ce0.9Fe3.5Ni0.5Sb12 relative to Ce0.9Fe3CoSb12 albeit the same filler atom. Additionally,
significant reduction in total thermal conductivity was observed for Ce0.9Fe3.5Ni0.5Sb12 as
compared to Ce0.9Fe3CoSb12 and may be attributed to the enhanced carrier scattering in
the system (Fig. 3.9a). Amongst the In containing samples, the thermal conductivity was
observed to increase with increasing In concentration for 300-800 K. Such an increase (in
κT) may be correlated to the observed reduction in the size of these lamellar features and
changes in the micro-texture described in Fig. 3.7, which could lead to additional phonon
scattering. The lattice contribution was calculated after subtracting the carrier thermal
conductivity from κT, where κcarrier was obtained using the Wiedemann-Franz relation,
κcarrier = L0σT; Lorentz number L0 was chosen to be 2 × 10-8 V2/K2 for heavily doped
semiconductors.[143]
As evident from Fig. 3.9b, the lattice thermal conductivity exhibits a distinct peak
~ 40 K suggesting good crystalline quality of our samples. Further, in this temperature
regime (20-50 K), Lattice was observed to decrease with increasing In ratio (see inset in
Fig. 3.9b) with a concomitant broadening of the peak. Such broadening occurs due to
enhanced scattering arising from impurities like FeSb2, InSb, etc. (cf. Fig. 3.9b).
Importantly, the data in Fig.8b shows that our samples approach the predicted minimum
thermal conductivity (min) in these materials [144] and hence behave like a phonon
glass. However, the higher ratios of In (y=0.5) show an increase in κ due to enhanced
bipolar conduction above 500 K resulting in deterioration of TE performance at higher
temperatures. This indicates that increasing In ratios above the FFL causes the formation
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of secondary phases and hence leads to an increase in the thermal conductivity of the
system. Such observations concur with previously reported results on filled CoSb3 [102]
and half heuslers [145]. An excellent match between our low and high temperature
thermal conductivity data measured by two different techniques reassures that utilizing
Dulong-Petit limit holds reasonably well for these materials.

Figure 3.7. SEM images of the fractured surfaces of InyCe0.9Fe3.5Ni0.5Sb12 samples: a) In
containing samples show densely packed grains with small pockets (see the inset)
containing nano-sized secondary phases. (b) Typical lamellar morphology extended
through hundred microns of length in non In containing samples (y=0); (c) shows
reduction in the extent of lamellar features to 25-30 microns upon incorporation of In
(y=0.1); (d) representative image for y=0.5 samples. No evident lamellar features were
observed in this sample. This sample shows larger phase separation as compared to y=0.1
sample.
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Figure 3.8: EDS results of the secondary phases shown in SEM images in Fig. 3.7. The
EDX composition of the skutterudite phase was found close to the nominal one. The
small pockets (shown in black circles in Fig. 3.7) contain InSb rich nanostructures.The
seggregated phase was found to be rich in FeSb2 (shown in the inset of Fig. 3.7d) causing
off-stoichiometry and supporting the formation of InSb impurity phases.
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Figure 3.9 (a) Temperature dependence of total thermal conductivity (κT, solid symbols)
and carrier thermal conductivity (κcarrier , open symbols) for InyCe0.9Fe3.5Ni0.5Sb12 is
shown, (b) the lattice and bipolar contribution to the thermal conductivity in the range 20800 K. The inset shows decrease in the boundary and impurity scattering contributions in
the sample with higher In ratio (y =0.5) at low temperatures. The lattice thermal
conductivity approaches minimum predicted values.
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Interestingly, we observe a systematic increase in the thermopower (Fig. 3.10a)
with increasing In ratio at high temperatures. The improvement in electrical properties
(thermopower) may have been caused by self-doping (by In or from the InSb secondary
phase), as also observed by He et. al. in CoSb3 [102] Consequently, the power factor
(shown by open symbols in Fig. 3.10b) increases with increasing In ratio. The maxima of
thermopower (hence the power factor) occurs at a lower temperature, in In containing
samples relative to the parent compound, due to the dominance of bipolar conduction (the
thermal activation of minority carriers) at higher temperatures. The occurrence of a peak
maxima of the thermopower at lower temperatures with increase in the magnitude (cf Fig.
3.10a) follows Goldsmid-Sharp relation [146] (given band gap of the material (Eg)) did
not change during the processing) as shown in the equation (Eq. 3.1) below:
constant
Here,

is peak thermopower value,

the temperature corresponding to

(3.1)
and

e, the electronic charge. This empirical relation was established for wide and narrow band
gap semiconductors and interestingly it holds true for degenerate semiconductors such as
heavily doped skutterudites.
As a result, a similar trend can be observed in the dimensionless figure of merit
(ZT) of these samples as shown in Fig.10b. A maximum ZT value of 0.9 at ~650 K was
obtained for the sample with nominal composition In0.1Ce0.9Fe3.5Ni0.5Sb12. We observed
significant shift in the ZT peak maxima in this sample relative to the parent compound
(y=0) which shows the highest ZT value to be ~0.75 at 750 K.
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Figure 3.10: (a) Thermopower (b) Power factor (open symbols) and dimensionless
figure of merit ZT (solid symbols) as a function of temperature for different In ratios in
InyCe0.9Fe3.5Ni0.5Sb12 is shown.

Low temperature transport behavior (T< 300 K): In addition to their promising
thermoelectric performance, these skutterudite samples possess some very interesting low
temperature (10-300 K) properties. The filled skutterudites display a variety of strongly
correlated electronic behavior mainly due to the filler ‘R’ ions. The skutterudite materials
are often categorized as heavy fermion systems [147, 148] exhibiting semi-metallic or
degenerate semiconductor-like behavior at high temperatures. In addition to their
excellent high temperature TE performance, p-type skutterudites also exhibit other
interesting properties such as non-Fermi behavior [149, 150], superconductivity [151,
152], and semiconducting behavior [153] at low temperatures. For example, strong
interaction between conduction electrons and magnetic impurities is known to cause
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dense Kondo behavior in these materials (especially ones containing Ce as the filler
atom) [154-156].
As shown in Figure 3.11 and 3.13, the thermopower, electrical resistivity and
magnetic susceptibility data deviate from their expected behavior for T < 100 K. First, the
slope of thermopower (dα/dT) (inset in Fig. 3.11a) changes around T ~150 K indicating a
deviation from the expected diffusive (linear) behavior, wherein dα/dT = 0. It is worth
noting that the peak of dα/dT (indicated by the arrow) in the inset of Fig. 3.11a is
distinctly above the noise level. Furthermore, the thermopower also exhibits a prominent
peak at ~35 K. Previously, this type of behavior has been attributed either to the phonon
drag or Kondo effect [155, 157] Additionally, the electrical resistivity (Fig. 3.11b) shows
a steep upturn ~150 K and rapidly increases to higher value for T < 150 K (temperatures
below the dotted lines in Fig. 3.11b). This observed deviation from the metallic-like
temperature dependence in the electrical resistivity and magnetic susceptibility (Fig.
3.13) occurs in the same temperature range as the deviation in thermopower. Some
researchers have also suggested the presence of intermediate valence states or variable
valence states as a possible cause for deviation in magnetic susceptibility data for the
compounds containing elements with d- and f-shell (filler ions-Ce) [132, 155, 157]. In
order to evaluate the above possibilities (phonon drag/Kondo effect/intermediate valence
states) in this scenario, it is important to gauge the interaction of itinerant carriers (or
electrons) with phonons as well as the magnetic impurities present in the system
qualitatively.

79

The slope of resistivity at high temperatures is a good estimate for electronphonon (el-ph) interactions that are present in the system. The weak temperature
dependence of resistivity (for T > 150 K) suggests that the el-ph coupling is weak in these
samples. Hence, phonon drag may be excluded as the cause for deviation in resistivity
and thermopower at low temperatures. The inset in Fig. 3.11b shows that the electrical
resistivity follows  ≈ –ln T like temperature dependence suggesting Kondo-like behavior
below 150 K. Such single-ion Kondo-like behavior may be attributed to the scattering of
itinerant carrier spins by the localized moments of Ce ions [155, 157]. The temperature
dependence of resistivity did not indicate any magnetic ordering of impurity spins
(mediated by conduction electrons) in the measured temperature regime (10-300 K), as
often observed in high temperature dense Kondo systems. This suggests that the ordering
temperature may be well below 10 K. In Fig. 3.11b, the temperature range shown within
the dotted lines represents cross-over temperature regime above which el-ph coupling is
dominant mechanism. After the pioneering work of Kondo in 1964 [158], the theoretical
understanding of this extraordinary phenomenon has improved. It can be understood in
terms of the physical picture proposed by Hewson [159] that if the f (or d) levels of the
magnetic impurity lie close to the Fermi level such that it is possible to exchange
electrons by virtual hopping into the conduction band. Such virtual excitations may give
rise to sharp resonance in f (or d) density of states close to the Fermi level and cause
Kondo resonance in that case. The exchange term due to coulomb interaction between the
impurities and conduction electrons may be direct one or an indirect one. The type of
interaction can be theoretically derived by solving the Hamiltonian with the interaction

80

terms as perturbation. Details and results obtained from the model to obtain these
parameters from our experimental magnetic susceptibility data are discussed in next
section.
In this case, the origin of maxima (hump) in thermopower in the low temperature
range may be understood as described above. For Ce containing systems, a sharp Kondo
resonance level lies very close to the Fermi level [80] (Ch.15) and thereby causing
change in the density of states (ρ4f) near Fermi surface. As a result,

at the Fermi

energy may show strong energy dependence, reflecting Fermi surface changes and
therefore causing anomalous maxima (hump) in thermopower and electrical conductivity
at lower temperatures.

Magnetic properties: The temperature dependence of molar magnetic susceptibility (χm)
shows linear paramagnetic behavior above 150 K (Fig. 13). However, the data below 150
K shows deviation from this expected paramagnetic behavior. This deviation has been
previously attributed to crystalline field effect (CFE) and intermediate valence by other
authors [132, 157]. It is well-known that Crystalline electric field splits the six-fold
degenerate ground state (4f shell) of Ce3+ ions into a doublet and a quartet in a cubic
environment [134, 160, 161]. A pictorial representation of the CEF splitting is shown in
Figure 3.12.
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Figure 3.11. (a) Thermopower of InyCe0.9Fe3.5Ni0.5Sb12 samples was found to increase
with increasing In ratio. The differentiated thermopower with respect to temperature
(shown in the inset) shows that our samples exhibit a deviation from expected diffusive
behavior (evident from the change of slope below the temperature range shown in dotted
lines). The downward arrow shows cross-over temperature range (between the dotted
lines) below which Kondo- like behavior dominates. (b) Electrical resistivity for
InyCe0.9Fe3.5Ni0.5Sb12 samples. The inset shows logarithmic temperature dependence of
resistivity in the low temperature range (10-150 K) indicating Kondo like behavior.
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Figure 3.12: Splitting of the degenerate ground level of Ce3+ in presence of cubic
crystalline electric field is shown.

In this case, the skutterudite lattice provides the cubic environment for the electric
field and if the magnetic interactions among the Ce3+ are ignored as the first
approximation then the magnetic susceptibility is given by:
(3.2)
( )

and

(3.3)

where Cfree ion is the Curie constant given by

/3

; where NA is the

Avogadro number and kB is the Boltzmann constant. Δ (= /kB, in Kelvin) is the crystalfield splitting gap energy between the doublet and quartet states of Ce ion. The values of
µeff for ground state Ce3+ ions is given as µeff = 2.54 µB, where µB is the Bohr magnetron
value [39].
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However, this first order approximation does not fit the magnetic susceptibility
data, if the magnetic interactions among Ce3+ (direct or indirect) are ignored. Hence it is
required to modify the interaction Hamiltonian in order to include the interactions
between the conduction electron spins and the magnetic impurities along with the CFE
term. Earlier Borchi et al. used the total Hamiltonian as shown in Eq. 3.4 to evaluate the
effects of CFE splitting in CeIn3 intermetallic compounds [161]. They incorporated an
extra term Hsf to account for direct as well as indirect interactions between conduction
electron spins and the magnetic impurities spins along with the CFE term (

as

perturbation potentials. The modified Hamiltonian is given below:
(3.4)
In equation 3.4, Hf is the free electron Hamiltonian, HCF is the crystal-field Hamiltonian,
Hsf is the Hamiltonian containing both direct and indirect exchange interactions (via
conduction electrons) and Hz is due to the magnetic field in z-direction. Utilizing this
approach, the modified magnetic susceptibility up to the second order perturbation term
is given as:

(

)

(3.5)

Here  is the exchange interaction parameter;  > 0, for direct interaction and  < 0 for
indirect interaction.
The modified magnetic susceptibility equation (Eq. 3.5) was used to fit the
inverse magnetic susceptibility data as shown by solid lines in Fig. 3.13. Here F(Δ/T) is
given by Eq. 3.3. The parameters obtained after least square fit to the experimental data
for the entire temperature are summarized in Table I.
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Figure 3.13. The temperature dependence of inverse magnetic susceptibility for
InyCe0.9Fe3.5Ni0.5Sb12 samples shows a deviation from ideal paramagnetic curie behavior
below ~150 K. Such deviation may be well addressed by a modified crystal field theory
that incorporates the interaction among localized magnetic spins (see text for more
details). The solid line represents the fit obtained using modified crystal field theory.

TABLE I. Parameters obtained from the fit to modified Curie behavior of
InyCe0.9Fe3.5Ni0.5Sb12 over the temperature range 8-300 K:

85

The values of µeff obtained for these samples are close to that of ground state Ce3+
ions (µeff = 2.54 µB), where µB is the Bohr magnetron value. The observed µeff are slightly
higher possibly due to small magnetic contributions from the host lattice itself, as
recently reported by Möchel et al. [162] The energy gap values due to CFE splitting
obtained after fitting to Eq. 3.5 were found to be of the order of 310 cm-1 (~420-450 K).
Sales et. al. [134] had earlier utilized similar values of CFE splitting parameter for
describing the behavior of Co-doped skutterudites (Ce0.9Fe3CoSb12). The values of µeff
being close to that of free Ce ion, indicates that the valence of Ce is close to +3.
In summary, a phonon glass-like behavior was observed in the lattice thermal
conductivity of the Ni-substituted filled skutterudites. For T > 500 K, the bipolar
contributions start to dominate the transport properties causing an increase in the total
thermal conductivity of these materials. Interestingly, our results indicate that the
addition of In facilitated the formation of secondary phases with various morphologies
upon surpassing the filling fraction limits. Such in-situ secondary phases were found
beneficial to the system altering their electrical transport properties, and thereby
increasing ZT of the system as compared to the parent compound. The highest ZT value
of 0.9 was observed for the sample with nominal composition In0.1Ce0.9Fe3.5Ni0.5Sb12 at
~650 K. Apart from the 20% ZT improvement (for In0.1Ce0.9Fe3.5Ni0.5Sb12), we find that
the ZT maxima shifts towards lower temperatures (650 K) as compared to the parent
compound (peak at 750 K). In the low temperature regime, the electrical transport and
magnetic susceptibility exhibited Kondo-like behavior. Importantly, crystal field effects
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were observed to dictate the magnetic properties below 100 K. Further, our magnetic
susceptibility data is consistent with a crystal field splitting gap of ~39 meV (~450 K).

Other work: Various other compositions of Ni-doped samples were also prepared using
same conditions and synthesis procedure as described in Section 3.2.1. The experimental
FFL of Ce reported by Chapon et. al is f =0.7 for CefFe3.5Ni0.5Sb12.[140] To compare the
results obtained with theoretical and experimental FFL (based on Chapon et. al [140,
141]), samples were prepared with different Ce ratios and have nominal compositions
InfCe1-fFe3.5Ni0.5Sb12 and CefFe3.5Ni0.5Sb12-xInx. Here, In was used as a filler element with
Ce to keep the total theoretical FFL, f= 1 and for substitutional doping at Sb sites with
total f = 0.7 (of Ce) and resulting transport properties were studied. The idea behind
choosing In for doping Sb sites was that In being acceptor atom may more likely result in
increasing hole concentration upon doping. A short summary of transport properties at
room temperature with peak ZT values obtained on these samples is listed in the
Appendix A-1. The temperature dependence of thermoelectric properties for some of
these samples is also presented in the temperature range of 10-800 K in Appendix A-2.

3.3 Theoretical modeling of thermal transport: Phenomenological model
Filled skutterudites and clathrates belong to the category of caged compounds or Holey
TE materials. Introduction of a guest (or rattler) atom (ion) into the cages/voids is known
to significantly reduce lattice thermal conductivity of the system.[54] These rattler atoms
are weakly bonded to the neighboring atoms and vibrate locally and incoherently in the
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cage. As a result, the rattler ions lead to an additional scattering process and thereby
shortening the phonon mean free path, which causes suppression in the lattice thermal
conductivity.[64] Due to this fascinating feature, filled skutterudites have been an
interesting system for studying the thermal transport in these materials.
There have been several reports detailing theoretical and experimental approaches
to understand the phonon behavior for interpretation of lattice thermal conductivity of
skutterudites in the past. [163-167] In principle, it is possible to obtain exact calculations
of lattice thermal conductivity in crystals, however, various unknowns such as crystal
lattice vibrations and presence of harmonic forces etc. limit us in obtaining the exact
solutions. In spite of all the technological advancement, the role of rattler atoms in
reduction of thermal conductivity has not been completely understood yet.
Several studies have shown that phenomenological model may be used to model
the thermal transport of various complex materials. Therefore, in this work, we used a
phenomenological model using modified Callaway equation under Debye approximation
and resonant scattering term[168], to model the thermal transport of our skutterudite
samples at low temperatures (below room temperature). This simple model assumes that
the phonon scattering processes can be represented by relaxation times, which are
functions of frequency () and temperature. Other assumptions of this model include: i)
the material is elastically isotropic and phonon (vibration spectrum) dispersion is not
considered, ii) no distinction between longitudinal and transverse phonon modes is made,
iii) the relaxation time for normal three phonon processes is taken to be a characteristic of
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longitudinal modes in cubic crystal. Skutterudites, being isotropic and cubic system may
not deviate from these approximations significantly.

3.3.1 Thermal conductivity and Debye Theory: According to Debye theory, the lattice
thermal conductivity is given by Eq. 3.6. [39, 168]

(
where

,

) ∫

is the reduced Planck’s constant,

(3.6)
is the phonon frequency,

the Boltzmann constant, T the absolute temperature, v the velocity of sound,
Debye temperature of material and

is
the

the phonon relaxation time.

A more realistic model for heat conduction through lattice of a solid is described by
Klemens (1958) [169] and Callaway (1959) [168] under Debye approximation, where the
phonon relaxation time is representative of the phonon scattering processes and is
dependent on

and T as shown in Eq. 3.7. The

can be given as a summation of

various phonon-scattering processes occurring in the system. It is important to note that v
is treated as a constant in Debye model.
∑

(3.7)

In general, most of the crystalline materials show a well-defined peak in thermal
conductivity at lower temperatures, which represents crystalline quality of the material.
The temperature dependence of total/ lattice thermal conductivity arises from the
temperature dependence of various scattering processes occurring in the system. These
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processes compete with each other and dominate in particular temperature regimes giving
rise to characteristic temperature dependence of

in the material system. Grain

boundary scattering (

and phonon-phonon (normal or

umklapp) scattering (

, impurity scattering (

are the commonly observed scattering processes in most of

the TE materials. Skutterudites exhibit an additional scattering mechanism due to
scattering of phonons from rattler atoms present in their cages, which is known as
‘resonant scattering’. The resonant scattering term (

by the rattlers can be

defined in terms of rattler concentration phenomenologically using the Einstein oscillator
model that peaks at Einstein frequency

of the rattler. [51, 170] Therefore using Eq.

3.7, the summation of all the phonon scattering processes in skutterudites can be written
as shown below.

(3.8)
or

(

)

(3.9)

where L represents the average grain size, A, B and C represent parameters for point
defect/ impurity, umklapp and resonant scattering processes respectively. The
temperature dependence of calculated (from Eq.3.9 and Eq.3.6) and experimental

with

and without resonant scattering term is shown in Figure 3.14. The values of constants
depending upon the material properties were calculated using the experimental results. It
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is important to note that only resonant scattering term was introduced in calculated
shown in Fig. 3.14b and all other terms were kept constant as obtained for Fig.3.14a. The
initial values for calculations were chosen based on the recently reported experimental
values of resonant scattering frequencies using time-resolved optical microscopy for
filled FeSb3-skutterudites by Wang et. al.[171] The velocity of sound used was ~3004
m/s based on experimental results obtained on Ce0.9Fe3CoSb12 by Sales et. al.[134] The
resulting parameters and values of constants used for fitting the data are listed in Table II
below. A good fit between our experimental and theoretical model with the resonant
scattering term (cf. Fig. 3.14b) can give us an insight into the oscillation modes of rattlers
in these materials, which is difficult to obtain experimentally for various materials.
Understanding these modes in details may help in further reducing the thermal
conductivity and thereby improving TE performance.

Table II: The parameters used for calculation of the lattice thermal conductivity shown
in Eq. 3.9 of Ce0.9Fe3.5Ni0.5Sb12.
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Figure 3.14: The theoretical modeling of our experimental data on lattice thermal
conductivity (
of Ni-doped skutterudite sample (Ce0.9Fe3.5Ni0.5Sb12) using Callaway
model without (a) and with (b) the resonant scattering term (keeping other parameters
constant) is shown.
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3.4 CoSb3-based p-type skutterudites
Filled CoSb3 based skutterudites are known to exhibit n-type behavior and there have
been several reports showing high ZT in this class of materials. Substitution of small
amounts of Co with Fe atoms result in p-type behavior. Since Fe has one less 3d electron
than Co and it easily forms solid solutions with Co [119], therefore Fe is a good
candidate for p-type filled skutterudites. Fe content strongly affects the transport
properties and filling fraction limit making these materials potential candidates for high
ZT filled p-type skutterudites. In this work, we have studied various compositions of
single and double filled skutterudites by partially substituting Fe at Co sites with different
doping ratios of Co/Fe. In addition, samples with doping attempt at X-sites are prepared
and studied. A brief summary is presented in the following sections.

3.4.1 Single and double filling with Yb and Ba: Several compositions of single and
double-filled p-type skutterudite phase were synthesized using standard solid state
reaction techniques, which were subsequently hot pressed to form densified pellets at
University of South Florida. The resulting high temperature (300- 800 K) thermoelectric
properties were studied at Clemson University. Many of the samples studied in this work
showed promising TE properties. The details of synthesis procedure and measurements
may be found in the references [172, 173]. A summary of thermoelectric properties
measured at ~800 K with peak ZT values of the samples studied in presented in the table
in Appendix A-3.
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3.4.2 Substitutional doping at M- and X-sites: Apart from single filling and double
filling approaches, several samples were prepared by doping at X-sites with ‘As’ and
samples with Ge-Se at X-sites. A short summary of the samples studied with their high
temperature TE properties at 800 K is listed in table A4 in Appendix A. These samples
were not optimized to show promising performance due to their poor electrical
properties. However, it may be interesting to prepare more compositions to optimize the
process for better results.

3.4 Conclusions
In summary, several p-type FeSb3- and CoSb3- based skutterudite samples were prepared
using standard melt-annealing technique. Approaches such as single filling, double filling
and surpassing the FFL were adopted to improve the TE performance of p-type
antimonide skutterudites. We also employed doping at M-and X-sites to study the
ensuing transport behavior and TE performance. We observed phonon glass-like behavior
in the lattice thermal conductivity of the Ni-substituted filled skutterudites. For T > 500
K, the bipolar contributions start to dominate the transport properties causing an increase
in the total thermal conductivity of these materials. Interestingly, we found that the
addition of In facilitated the formation of secondary phases with various morphologies
upon surpassing the filling fraction limits. Such in-situ secondary phases were in fact
found to be beneficial to the system altering their electrical transport properties, and
thereby increasing the ZT of the system as compared to that of the parent compound. The
highest ZT value of 0.9 was observed for the sample with nominal composition
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In0.1Ce0.9Fe3.5Ni0.5Sb12 at T ~ 650 K. Apart from the 20% ZT improvement (for
In0.1Ce0.9Fe3.5Ni0.5Sb12), we find that the ZT maxima shifts towards lower temperatures
(650 K) as compared to the parent compound (peak at 750 K). In the low temperature
regime (T < 150K), the electrical transport and magnetic susceptibility exhibited Kondolike behavior. An important result is that crystal field effects were observed to dictate the
magnetic properties below 100 K. Further, our magnetic susceptibility data is consistent
with a crystal field splitting gap of ~39 meV (~450 K). Theoretical modeling based on the
phenomenological model and Debye approximations of the lattice thermal conductivity
showed the contribution of rattlers in suppressing the lattice thermal conductivity. The
resonant frequency of these modes was found to be ~4.5 THz obtained from fitting
parameters of the modeling.
In CoSb3-based p-type skutterudtites, a peak ZT of 0.85 was obtained at T ~ 800
K for single-filled compound with nominal composition of Yb0.4Co3FeSb12. Double
filling with Ba and Yb in these skutterudites yielded a peak ZT value of 0.71 at T ~ 800
K for nominal composition of Ba0.2Yb0.7Co2Fe2Sb12.
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Chapter 4
Bismuth: Double Decoupling via
Surface Modifications

4.1 Introduction
The results in this section are an expanded discussion of the results in the paper
highlighted above. Narrow-gap semiconductors and semimetals have been at the heart of
the research field of thermoelectrics and are considered as highly potential materials. As
indicated by Ioffe in late 1950s, there is a very narrow allowed window of materials
selection due to strong coupling between the electronic and thermal conduction where all
the thermoelectric properties can be optimized simultaneously [31]. The narrow-gap
semiconductors and semimetals belong to this optimized regime. Details regarding this
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criterion are presented in Chapter 1. It is difficult sometimes to distinguish between the
definition of a degenerate semiconductor and a semimetal. A semimetal in its ground
state has a small filling of the conduction band and a degenerate semiconductor is a
heavily doped semiconductor wherein the Fermi level has been pushed up into the
conduction band. They both display a somewhat similar temperature dependence of the
resistivity (dR/dT > 0) but a semimetal will typically have much lower values of the
thermopower ( ≈ 10-20 µV/K); an order of magnitude lower that a degenerate
semiconductor ( ≈ 100-200 µV/K). Narrow gap materials can somewhat simulate
semimetals by heavy doping. Narrow-gap semiconductors and semimetals possess many
common characteristics which originate from their similar electronic band structure.
Both of these materials system possess strongly interacting energy bands at one or more
points in the Brillouin zone and which results in low effective masses and high carrier
mobility [174]. Group V semimetals have received major attention in this regard.
Among group V semimetals, Bismuth (Bi) is one of the most fascinating materials
to solid state physicists due to its peculiar transport and many interesting features [175,
176]. Several different fundamental effects were observed in this material for the first
time. In the words of J.-P. Issi, “Solid state physics owes to semimetals, and especially to
bismuth, many of the sophisticated techniques currently used nowadays to probe the
Fermi surface and the band structure of crystalline solids. Most of the sharpest tools in
the armory of experimentalists, such as quantum oscillatory techniques (de Haas van
Alphen, Shubnikov de Haas, ...), were indeed discovered on bismuth. This is no accident,
since its particular properties facilitate the observation of such effects.” [176] In fact, the
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Seebeck effect was discovered on Bismuth-antimony thermocouple in 1821. Bi has been
an interesting material from thermoelectric standpoint for many decades due to its exotic
transport properties.
In the past decade, the prediction of high ZT values in low dimensional Bi-based
materials by Hicks and Dresselhaus has revealed the potential for Bi and its alloys for
thermoelectric refrigeration applications.[56] Researchers have been endeavoring to
achieve a higher ZT either by enhancing the power factor (PF = α2σT) and/or by lowering
κT.[177] In this chapter, PF = α2σ is considered for the ease of comparison and does not
change the physical significance. Inherently, α and σ exhibit an inverse-coupled
relationship in most materials. This inverse coupling is a bottleneck which limits the
overall ZT by constraining the PF. In the past two decades, the majority of this effort
entailed lowering the thermal conductivity by either reducing the size or increasing the
interface scattering to achieve higher ZT. Upon nano-sizing, Bismuth shows interesting
transport [178], optical [179, 180] and surface properties related to structural and
electronic changes [14]. Since mean free path of electrons is long in Bi (~250 nm at room
temperature), quantum confinement effects may be observed at a relatively longer length
scale as compared to other materials [180, 181]. Despite the enormous amount of
experimental work performed on Bi, the elementary transport properties such as the
thermopower, electrical and thermal conductivities have not been completely understood
yet, and the scattering mechanisms in these materials still remain a challenge to our
understanding. It is necessary to know the distribution of electronic charges and phonons
to understand the thermoelectric properties of Bi.
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4.2 The bulk properties of Bi
4.2.1 The crystal and band structure of Bi: Bi crystallizes with rhombohedral symmetry
in arsenic type of structure (A7, Strukturbericht) which is typical for group V semimetals.
These structures belong to the space group symmetry of

̅ . The unit cell spanned by

three Cartesian axes: bisectric (C1, y), binary (C2, x) and trigonal (C3, z) is shown in
Figure 4.1a. The physical properties of Bi are strongly dependent on the direction of
measurements. The location of electron (L-point) and hole (T-point) pockets in the
Brillouin zone of Bi is shown in Fig. 4.1b. In bulk Bi, electron pockets are three
ellipsoids centered at the L-points and the hole pocket is an ellipsoid centered at the Tpoint whose axis coincide with the high-symmetry crystal axes as shown in Fig. 4.1. A
very interesting feature of Bi is non-parabolic L-point energy bands and highly
anisotropic Fermi surface. The band structure of Bi at T = 0 K exhibit the small overlap
between electron and hole bands along with the Fermi energies of heavy and light holes
and electrons is presented in Figure 4.1c.
Due to this special band structure, Bi nanostructures are known to undergo
semimetal to semiconductor transition, also known as L-T transition when their size is
reduced as shown in Bi nanowires [179, 180]. The schematic with change in band
structures is shown in Figure 4.2. It is known that the decrease in the Bi nanowire
diameter results in increase in energy of the lowest conduction subband increases in
energy and correspondingly the highest valence subband decreases in energy. As a result,
the L-point band gap (EgL) effectively increases. At the same time, as the nanowire
diameter decreases, the highest T-point subband decreases in energy, lowering the band
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overlap. But because the L-point effective mass is smaller than that of the T-point, the L
point valence band decreases faster than that of the T-point, so that the indirect L to T
point transition energy increases with decreasing wire diameter. [15]

4.2.2 Electronic properties of bulk Bi: Bulk Bi is a semimetal with an indirect overlap of
the L (electron pockets) and the T (hole pockets) bands along with a small direct energy
gap in the L band (Figure 1c). Such small direct bandgap and non-parabolicity of some of
the bands in Bi was found to affect the transport properties, especially at high
temperatures [182]. The very small band overlap between the L and T pockets (as shown
in Fig. 4.1) often results in poor TE properties because the thermopower contributions
emanating from electrons (-) and holes (+) at all temperatures, which to some extent,
balance each other resulting in a low , as evident from the two band expression given in
Eq. 4.1.
(4.1)

where n, p and n, p are the thermopowers and electrical conductivities due to
electrons and holes respectively. Also recall that the electron and hole mobilities are very
important and can be inserted into Eq. 4.1 using: n = neµe and p = peµh.
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Figure 4.1: (a) The bulk crystal structure of Bi: unit cell with rhombohedral symmetry
( ̅ ) (Source: Ref [14]); (b) Brillouin zone of Bi showing 3 electron pockets (L)
located at A, B and C points and a hole pocket (T) at T point (Source: Ref [15]) and (c)
Non-parabolic bands of Bi at 0 K with overlapping of L and T pockets. The Fermi
energies for electrons (
), light holes (
) and heavy holes (
) and the direct
band gap between the L pockets (EgL) is shown.

Figure 4.2: Schematic of energy bands of Bi nanowires undergoing semimetal-tosemiconducting transition. Source: Refs [15, 16].

101

Another interesting feature of Bi is anisotropic transport along different
directions. The anisotropic transport in Bi single crystals [175, 176, 183] has been
reported by several researchers. The best TE properties are observed along the trigonal
direction. Recent theoretical studies have shown that the novel approaches such as, nanoinclusions in bulk Bi or an application of magnetic field or the combination of both may
result in promising ZT values in Bi by selectively filtering one carrier type [184, 185]. In
general, in a polycrystalline sample, the experimentally observed ZT values may be equal
or lower than the average value taken over different directions in a single crystal [186,
187].
Nonetheless, Bi is an interesting material system from a TE- standpoint in the
following aspects: i) it possesses strikingly different surface and bulk properties. For
example, surfaces [111], [100] and [110] of Bi can support quasi-2D metallic surface
states in contrast to a semi-metallic bulk.[14] Further, the nature of these surface states is
susceptible to applied pressure [188], and structural defects [189]. The presence of such
variable surface states may help in decoupling α, σ, and Lattice, ii) the small Fermi surface
of Bi allows for the observation of classical and quantum size effects at relatively larger
length scales and higher temperatures when compared to most materials as mentioned
earlier.[180] Furthermore, Bi exhibits strong interface scattering effects [175], and iii)
finally, even though Bi has been extensively studied for decades, the effects of either
surface/interface modifications or of grain size on the TE properties of Bi remain largely
unexplored. Issi et al. [17, 190] earlier reported an enhancement in α due to the reduced
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average grain size in polycrystalline Bi, but they did not identify the origin for enhanced
α (Figure 4.3).
Bi-based materials are regarded as the material archetypes for high performance
TE applications. For example, Bi2Te3 has been subjected to various nano-structuring
processes such as high energy ball milling with hot pressing [3], melt spinning with SPS
processing [68, 191], and thermal forging [192]. The improvement of ZT in such research
efforts originated from favorable interfaces: interfaces that scatter phonons more
effectively than electrons. Along these lines, we have previously demonstrated that
hydrothermally coated grain boundaries lead to a favorable interface scattering in coarse
grained p-Bi2Te3 compared to the bare grain boundary counterpart [193, 194]. Similarly,
several other groups have also found promising TE performance due to enhanced
interface scattering in Bi2Te3 nanostructures [195-197]. Bi nanowires [178, 198, 199],
and Bi-based nanocomposites [186]. Interface scattering often leads only to a partial
decoupling of σ and κLattice (i.e., the reduction in κLattice is much more efficient than the
reduction in σ). However, the highly desirable simultaneous decoupling (double
decoupling) of α and σ along with κLattice has remained elusive thus far. Motivated by the
critical role of interface scattering in enhancing ZT, and the peculiar surface/bulk
properties of Bi, here we initiated an investigation of the TE properties of ball milled &
spark plasma sintered polycrystalline Bi.
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Indeed, we observed that the TE properties can be effectively decoupled by nanostucturing of Bi and selectively modifying interfaces/ surfaces [200]. In the following
sections, the effects of ball-milling, densification techniques (HP and SPS processes), and
SPS DC pulse duration on the measured transport properties of polycrystalline Bi is
discussed.

Figure 4.3: Thermopower of polycrystalline Bi as a function of temperature. The bulk
sample with average grain size of 1 mm is shown by solid symbols and the sample with
average grain size of 50 µm is shown by open symbols (Source: Ref [17]).
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4.3 Sample preparation and characterization:
Experimental Details: All powder samples used in this study were prepared by high
energy ball milling (Spex Miller®-8000M) bulk as-purchased Bi powders (Alfa Aesar 325 mesh, 99.5%) for 0, 30, 60, 90 or 120 min under atmospheric conditions and in an
inert Ar atmosphere. The latter samples were handled in an Ar purged glove box
(Labconco® Inc.) to minimize the unavoidable oxidation of Bi. For transport
measurements, the as-purchased and ball-milled powders were densified into pellets (dia.
~ 12.5 mm and thickness ~ 2-3 mm) under a dynamic vacuum at 240 oC (for reference,
the melting temperature of Bi is 271°C) for 10 min with a different ON: OFF time ratios
of DC current pulses in our SPS system (Dr. Sinter Lab®-515S system). As stated above,
to elucidate the exact role of ball-milling and SPS processing on transport properties, we
prepared additional pellets of the as-purchased and ball-milled powders with similar
dimensions using hot-press (HP) processing (Thermal Technology® Inc.). For samples
prepared using the HP process, the powders were compressed at 240 oC in flowing N2 for
10 min under minimal pressure of ~45 MPa to yield robust pellets. Using the Archimedes
method, the relative packing densities were measured at approximately ~85% of the
theoretical values for the pellets obtained after HP processing, and at approximately ~9598% for the pellets obtained after SPS processing. For brevity, we notate our samples as
Bi-bm-X-Y, in which X is the ball-milling time and Y is the densification process.
Characterization: X-ray diffractograms (XRD) were obtained using a high resolution
Rigaku Ultima® IV diffractometer, (Cu Kα radiation, λ= 1.5406 Å). Hitachi S3400N and
S4800 scanning electron microscopes (SEM) and a H7500 transmission electron
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microscope (TEM) were used for the microscopic and elemental analysis of the samples.
Low temperature (in the range of 10 - 325 K) resistivity ( = 1/σ) and were measured
using a four-probe differential method on a custom-designed cryocooler system. In
addition, κT was measured on the same sample using a standard steady-state method on a
separate custom designed cryocooler system from 20-320 K. Both systems used custom
designed measurement programs developed in our laboratory using custom Labview®
software, the details of which are presented in chapter 2. The Hall measurements were
performed on a Quantum Design® physical properties measurement system (PPMS)
under a magnetic field sweep of 5 kOe. All measurements were performed on at least
two independent sets of samples in order to confirm our transport data.

4.4 Experimental results and discussion
4.4.1 Particle size and structural analysis: As shown in Figure 4.3, ball milling of bulk
Bi for 30 min (or longer) effectively reduces the average particle size to ~100-200 nm.
The particle size did not alter for the longer ball milling times (t = 60, 90 and 120
minutes) used in this study. Here, sample bm0 represents the as-purchased bulk Bi
sample. The high resolution X-Ray powder diffraction data shows that no extra peaks
were introduced as a result of ball-milling and SPS processing compared to the aspurchased powders (Figure 4.4). Therefore, the processing does not introduce any
structural changes or extra (impurity) phases in the system. The details of SPS process
are presented in the following section.
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Figure 4.4: Representative SEM (a) and TEM (b-d) images showing a change in the
average particle size upon ball milling for different times t. The average particle size is
reduced to ~100-200 nm for all ball-milled samples with t > 30 min.
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Figure 4.5: High resolution powder XRD spectra of ball milled samples after SPS with
normalized intensity. The indexed peaks show rhombohedral polycrystalline bulk Bi
phase (PDF# 00-044-1246). The extra peaks represent trace amount of Bi2O3 phase (<
5%) in all the samples, including as-purchased Bi.

4.4.2 Mechanism of Spark Plasma Sintering (SPS) process: Spark plasma sintering has
emerged as one of the most effective rapid sintering techniques of TE materials due to its
ability from the rapid densification process being able to preserve the microstructure with
limited grain growth or diffusion. For several years, hot pressing (HP) has been a
traditional sintering tool employed for densification of powders into bulk pellets. SPS
process has several advantages over the traditional HP method. It requires very short
sintering time (a few minutes for the SPS relative to several hours or days using the HP
or high temperature annealing) and has the capability to sinter/ process a variety of
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materials, conducting as well as non-conducting both. The samples can be consolidated to
very high densities (~99% of the theoretical density) at significantly lower temperatures.
In SPS process, uniaxial pressure is applied across the graphite dies containing sample
powders in conjunction with the pulsed DC energizing technique. A schematic of the
basic configuration of SPS is shown in Figure 4.6. There have been several theories for
explaining the mechanism of SPS process but the most commonly accepted one is the
electric spark discharge/ plasma momentarily generated in fine local areas between
particles due to high energy low voltage pulse current [19, 201].

Figure 4.6: Schematic of the basic configuration of SPS system shown on left (Source:
Ref [18]) and flow of pulsed current through the powder particles on right (Source: Ref
[19])
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The ON-OFF DC pulse energizing method generates: (1) a spark plasma, (2) a
spark impact pressure, (3) Joule heating, and (4) an electrical field diffusion effect. The
pulsed DC current (typically 300-500 amps) energizing in the SPS method is known to
be advantageous (compared to other conventional sintering techniques such as HP) since
it activates particulate surfaces by removing either impurities or oxidation layers through
electric discharges between neighboring particulates in addition to Joule heating at the
grain boundaries [19]. In addition to consolidation of powders, SPS process can be used
as a rapid synthesis technique for alloying materials as well as in sample processing as
recently demonstrated by several researchers in various material systems, such as SiGe
[9], Skutterudites [202] and other [203].
In the SPS process, the applied DC pulses are square/ rectangular waveforms with
different ON-OFF durations, typically controlled to within a few milliseconds. The ON
time activates the particulates while the OFF time allows relaxation of the sintered
material during the sintering process. Thus, the ON-OFF pulse duration determines the
net frequency (f) at which the DC pulse is operated, as shown in Fig. 4.7. Here, the ONOFF time ratio of x: y suggests that there are x ON current pulses with y OFF pulses used
during sintering process. The time duration of each ON or OFF pulse is 2.7 ms. In
general, a shorter ON-OFF time ratio (1:1) allows most of the current to flow through the
surface of particulates and thereby possibly alters their surface/interface properties; the
opposite situation is an infinitely long ON-OFF ratio (zero OFF time), which is
equivalent to a constant DC current that uniformly heats the powders (cf. Fig. 4.7). The
details on the DC pulse generation in the system are presented in the Appendix B.
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To study the effect of SPS pulse conditions, we sintered our ball-milled Bi samples with
different SPS conditions, especially varying ON-OFF ratio of the DC pulse. We used the
following extreme conditions of ON-OFF time ratios of pulsed DC to study the ensuing
transport behavior: i) standard ON-OFF time ratio of 12:2, ii) 1:9 and iii) 1:1 (cf. Fig. 4.7)
and keeping other conditions fixed.

Figure 4.7 Schematic showing a simplified DC current pulse with varying ON-OFF time
ratio in the SPS process along with the corresponding vertical cross section of graphite
dies during sintering showing the penetration of current into the particles contained in the
dies. The left hand side of the figure shows sintering under standard conditions with ON:
OFF ratio of 12: 2 (x2.7 ms), where the current (shown in red) penetrates deeper into the
particles. The right hand side shows extreme SPS conditions with the shortest ON time
(2.7ms) in combination with the shortest and longest possible OFF times in which the
current predominantly passes through the surface of the particles.

111

4.4.3 Effect of ball-milling on the transport properties of Bi: In this study, as-purchased
Bi powder was ball-milled in ambient and inert (Ar) atmospheres for different time
durations (t = 30, 60, 90 and 120 mins) in order to control the surface-to-volume ratio,
and subsequently SPS processed with standard conditions of ON-OFF current pulse ratio
of 12: 2. In addition to this, we also sintered our samples using a HP process employing
similar temperature and pressure conditions as the SPS process in order to isolate the
effects of ball-milling from SPS. The transport results obtained on our Bi samples are
shown in Figure 4.8. Specifically, we observed that the samples ball milled for t > 30
mins exhibited a simultaneous increase in both  and (Figure 4.8a-b), which implies a
direct decoupling of the electrical properties. Consequently, the PF showed a three-fold
improvement for all the ball-milled-SPS samples relative to the as purchased Bi-bm0SPS (bulk) sample (Figure 4.8c). A simultaneous three-fold enhancement in the PF and
significant reduction in T was observed for all the ball-milled Bi samples (shown in
Figure 4.8c-d). Hence, we observed that all the thermoelectric properties were decoupled
in this process. However, this ‘double decoupling’ (of α, ρ and κ) cannot be solely
explained by the interface scattering effects resulting from particle size reduction. This
three-fold enhancement in PF of our Bi samples is higher than the corresponding values
reported by Kuo et al. for ball-milled Bi2Te3 [204].
A comparison of transport data obtained after SPS and HP processes on aspurchased and ball-milled samples was made. As expected, all HP-samples exhibited a
relatively lower packing density of ~83-85%, since sintering occurs solely due to thermal
diffusion in the hot press process. Surprisingly, the  of Bi-bm0-HP is 1000 times higher
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than the  of the Bi-bm0-SPS sample (cf. Figure 4.8b). The magnitude of this disparity
absolutely cannot be attributed to the difference in packing density alone (85% vs. 95%).
A detailed micro-morphology study was performed on all SPS and HP samples to
verify whether the observed change in  is due to textural differences in Bi-bm0-HP and
Bi-bm0-SPS samples. The SEM images showed that all SPS pellets contained smooth
hexagonal platelet-like features (indicated in open boxes in Figure 4.9), and aggregates of
nano-sized Bi particles. Similar features were absent in all HP samples (Figure 4.9),
however, the drastic change in for Bi-bm0-HP and Bi-bm0-SPS samples is indicative of
the fact that SPS is a novel process that utilizes localized Joule heating (ensuing from
applied pulsed DC current in SPS) to weld nanoparticles together to promote  and

and densify the powder samples. Thus, ball milling is pivotal as evidenced
from the of Bi-bm60-HP, and high-energy ball milling in tandem with the SPS
processing leads to the observed double decoupling of the TE properties in Bi.
To further elucidate this observed decoupling of α and σ, low temperature Hall
measurements on all the Bi-bm-SPS samples were performed to estimate both the carrier
concentration and the carrier mobility (Figure 4.10). It is noteworthy that the Hall
coefficient has negative sign for these samples, showing that the electrons are the major
carriers in the system. Not surprisingly, since Bi is a low carrier system, the carrier
concentration did not change significantly between as-purchased (Bi-bm0-SPS) and ballmilled (Bi-bm-SPS; t = 30, 60, 120 min) samples, thereby resulting in the observed PF
enhancement.
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Figure 4.8: Effect of hot-pressing (HP) and SPS processing on the transport properties of
ball-milled Bi samples is shown. (a) The magnitude of thermopower ‘α’ increases for
ball-milled and hot-pressed or SPS samples and attains a constant value for ball milling
time t > 60 mins. In the absence of ball-milling, both hot-pressing and SPS processing are
ineffective in enhancing α. (b) While SPS alone can reduce the electrical resistivity ‘ρ’,
the lowest ρ is obtained when SPS is used in conjunction with ball-milling. (c) A threefold enhancement in the PF is observed for all samples with ball-milling followed by
SPS. (d) Compared to the as-purchased Bi powder after SPS, the T for all ball-milledSPS Bi samples is lower in magnitude. The inset shows greater than three-fold
enhancement in ZT as result of ball-milling. The legend for all the panels is shown in (a).
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Additionally, the room temperature mobility of all ball-milled samples was also similar to
the as-purchased bulk sample (Bi-bm0-SPS) and did not show a systematic trend as
observed in the transport behavior and therefore could not explain the enhancement in
PF.
Based upon our Hall measurements and detailed spectroscopic studies [205], we
rule out a change in carrier concentration, mobility (Fig. 4.10) or chemical modification
[205] (Fig. 4.5) as the probable cause for the observed enhancement of TE properties.
Furthermore, low energy charge carrier filtering cannot explain the simultaneous increase
in α, σ and the reduction in T. A possible scenario that is consistent with the observed
behavior is the formation of favorable interfaces as reported in previous studies [193,
194], or surface modifications. Thus, the observed ‘double decoupling’ (decoupling of
both electrical and thermal properties) suggests that the ball-milling tends to enhance the
surface properties of Bi. Therefore, an immediate question arises as to whether we can
control the nature and extent of such selective interfaces/surfaces.
To this end, it is important to understand the role of SPS and ball-milling in the
double decoupling of TE properties. Hence, we processed the samples using SPS at
different DC pulse conditions by varying the ON-OFF time ratio to modify the nature and
extent of interface/surfaces in addition to hot pressed samples which were prepared to
delineate the effect of SPS processing as shown in section 4.4.3. Surface related
properties are susceptible to atmosphere in which samples are prepared or measured.

115

Figure 4.9: The SEM micrographs of fractured surface of samples, showing micromorphology obtained after HP (a & c) and SPS (b & d) processes. The images show the
difference in the micro-texture and porosity for bm-60 samples after SPS and HP
processing. The SPS process leads to the formation of smooth platelet-like features as
shown in red squares in (b) and (d). The packing density of HP samples was ~85% and
for SPS samples ~95%.
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Figure 4.10: Carrier concentration (left) and mobility (right) data of ball-milled Bi
samples after SPS does not show significant change near room temperature as compared
to the as-purchased (Bi bulk: Bi-bm0-SPS) sample.

As shown in the previous reports on Bi thin films depicting the effect of preparation
conditions on surface transport [206], it is important to understand the effect of
atmospheric conditions on the transport properties of our ball-milled Bi samples. In the
next section, the effects of atmospheric conditions on the transport properties are
presented.

4.4.4 Effect of atmospheric conditions on transport properties: Here, we compare the
samples that were ball-milled in air and in an inert Ar atmosphere and subsequently spark
plasma sintered under a dynamic vacuum. Indeed, with all SPS conditions being the
same, the samples prepared in an Ar atmosphere exhibited double decoupling effects
similar to those prepared under ambient conditions (Fig. 4.11) but displayed a higher 
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as shown by small black arrow in Fig. 4.11d. As a result, the PF enhancement and hence
higher ZT was observed in the sample ball-milled in inert atmosphere (Bi-bm60-inert
(Ar) atm) as compared to those ball-milled in atmospheric conditions (Bi-bm60-atm)
with same SPS conditions. This indicates that the samples possess active surfaces and the
transport behavior is susceptible to the atmospheric conditions. In order to further study
the enhanced effects of controlled surface/ interface modification using SPS DC pulses,
we ball-milled our samples in inert (Ar) atmosphere. The results are presented in next
section.
4.4.5 Effect of SPS conditions on the transport properties: In order to study the effect of
the SPS pulse conditions, two experiments were performed to investigate the ensuing
transport behavior of Bi-bm60-SPS pellets by varying the (A) ON-OFF time ratios and
(B) the pulse duration of the pulsed DC current as explained in Figure 4.7 of section
4.3.2. Because the Bi-bm60-SPS exhibited enhanced TE properties similar to our samples
with longer ball-milling time (t> 60 mins: Bi-bm90, 120-SPS samples), this sample was
chosen for further studies.
In this section the effect of the following large range of conditions of the ON-OFF
time ratios of the pulsed DC current on the ensuing transport behavior is presented: i)
standard ON-OFF time ratio of 12:2, ii) 1:9 and iii) 1:1 (cf. Fig. 4.7). Indeed, a systematic
increase in the PF was observed, which suggests that the SPS conditions do play a crucial
role in defining the TE properties (Figure. 4.11 a-d). In general, a shorter ON-OFF time
ratio (1:1) allows most of the current to flow through the surface of particulates and
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thereby possibly alters their surface/interface properties; the opposite situation is an
infinitely long ON-OFF ratio (zero OFF time), which is equivalent to a constant DC
current that uniformly heats the powders (cf. Fig. 4.7). Overall, greater than six-fold
enhancement in PF was observed for the Bi-bm60-SPS (ON-OFF ratio of 1:1) relative to
the Bi-bm0-SPS sample (standard ON-OFF ratio of 12:2), and hence significantly
enhanced ZT (Figure. 4.11 e-f). The ability to “tune” the TE properties via ON-OFF ratio
evidently suggests that the ‘double decoupling’ behavior is related to surface/interface
effects.
In addition to the double decoupling, the temperature dependence of  and  (for
T > 100 K) changed dramatically with ON-OFF time ratios suggesting a change in the
electronic band structure or scattering mechanisms in our polycrystalline Bi samples (cf.
Figure. 4.11c-d). The temperature dependence of  changed from a semiconducting-like
to metallic-like behavior, whereas  exhibited a turnover at ~200 K for both the samples
prepared under ON-OFF time ratios of 1:9 and 1:1. The turn-over in  suggests that the
transport above 200 K may be based on two-carrier contributions. Hardly any signature
of any bipolar conduction was observed in the Lattice, (Figure 4.11e-f). Interestingly, the
turnover in  was not observed in the samples prepared under standard ON-OFF time
ratio of 12:2. The T of these samples increased only moderately (Figure 4.11e) relative
to Bi-bm-SPS pellets prepared under standard ON-OFF time ratio of 12:2. This increase
is consistent with an enhanced  and thus the carrier portion of the thermal conductivity

Carrier (Figure 4.11e). The Carrier was obtained using the Wiedemann-Franz relation
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Carrier =L0T; the Lorenz number L0 was chosen to be 2 x 10-8 V2 K-2 for Bi and Lattice =
T -Carrier. At lower temperatures, no shift was observed in the Umklapp peak of Lattice
confirming that the crystal lattice of Bi did not alter much upon ball-milling and SPS
processing, and concurring with the XRD data (Fig. 4.5). Additionally, the Lattice for all
ball-milled-SPS samples did not change noticeably at higher temperatures despite
different ball-milling times and SPS conditions (Figure 4.11f) suggesting that the crystal
lattice is similar in terms of the point defects. Despite a moderate increase in T, a more
than six-fold enhancement in ZT was achieved as compared to the as-purchased Bi-bm0SPS sample (cf. Figure 4.11b). Such dramatic changes in the TE properties are in contrast
to hardly any observable change in the bulk properties.
In addition to studying the ensuing transport behavior upon changing the ON-OFF
time ratio, the samples were prepared with different ON-OFF pulse duration while
keeping the same ON-OFF pulse ratio in order to study the effect of pulse duration on the
transport properties. The samples were prepared with following ON-OFF pulse
conditions: i) 1:1, ii) 3:3 iii) 9:9 and compared with the sample sintered with standard
ON-OFF condition of 12:2. All the samples used for comparison were ball-milled for 60
mins in Ar atmosphere due to the reasons discussed in previous sections (4.4.4-5). Figure
4.12 shows the thermoelectric properties of these samples. The transport measurements
show that the thermopower values did not change significantly for all the samples
prepared with various ON-OFF time durations (cf Fig. 4.12a) but the temperature
dependence of thermopower shows different behavior for all the samples prepared with
same ON-OFF ratio (1:1, 3:3 and 9:9) relative to the Bi-bm60-SPS12:2 sample.
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However, the electrical resistivity shows drastic changes with smallest ρ values for
samples with shortest ON-OFF pulse duration (1:1) (Fig. 4.12b) and the temperature
dependence appears more metallic-like as discussed in details in Fig. 4.11. The
temperature dependence and magnitude of resistivity did not alter upon changing the
pulse durations for Bi-bm60-SPS3:3 and Bi-bm60-SPS9:9 samples indicating that the
ON-OFF pulse durations and/or the pulse time ratios did not alter the properties. As a
result, the PF did not change for these samples. However, drastically different
temperature dependence and resistivity values that were obtained for sample Bi-bm60SPS1:1 suggests that the shortest ON time is crucial for enhancing the role of surface/
interfaces on the transport properties (Fig. 4.12b). In general, a shorter ON-OFF time
ratio (1:1) allows most of the current to predominantly flow through the surface of
particulates and thereby possibly alters their surface/interface properties; the opposite
situation is an infinitely long ON-OFF ratio (zero OFF time), which is equivalent to a
constant DC current that uniformly heats the powders.
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Figure 4.11. Effect of SPS conditions and ON-OFF time ratios on the transport
properties of polycrystalline Bi exhibit a decoupling in the electronic and thermal
properties leading to an increase in PF (a) and the figure of merit ZT (b) through
simultaneously enhanced α values (c) and reduced ρ (d), from a combination of ballmilling and extreme SPS DC pulse ON-OFF ratios (1:9 and 1:1). The solid black arrow
(in (d)) displays the effect of atmospheric conditions on the transport behavior of Bi-bm
60 sample further attesting the observed changes to the formation of surface states. (e) T
(solid and open symbols with a dot) and Carrier (open symbols) show significant
enhancement in the T entirely due to the increase in the Carrier; (f) Lattice (= Total Carrier) exhibited no change upon changing the DC pulse ratio or changing the
atmospheric conditions at higher temperatures. The ON-OFF time ratio of 12:2 is used
unless mentioned otherwise. The legend for all the panels is shown in (b).
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Figure 4.12: The effect of ON-OFF DC pulse duration of 1:1, 3:3 and 9:9 with same ONOFF ratio on the temperature dependence of transport properties: (a) thermopower (α)
and (b) electrical resistivity (ρ) is shown.

4.4.6 Microstructural analysis: In order to more fully understand the proposed interface
modifications caused by the SPS process, we performed detailed electron microscopy
(Figure 4.13) studies on our Bi-bm-SPS samples. We found that the interior region (core)
and the surface (crust) of our ball-milled SPS processed samples exhibited quite different
morphologies at the micro- and nano-scale. We observed that the core is largely
comprised of micron-size features which presumably results from the natural tendency of
nanoparticles to agglomerate upon densification and the passage of the SPS current
through the bulk of the pellet (cf. Fig. 4.13). On the other hand, the morphology of the
surface resembled a densely packed crust-like smooth surface, presumably due to a
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dominant flow of SPS current or deposition of heat at the surface compared to the core of
the particles, and perhaps the presence of localized melting. Since all the SPS pellets
excepting the Bi-bm0-SPS and HP samples (Bi-bm0-HP and Bi-bm60-HP) exhibited
similar core-crust morphology (cf Fig. 4.9), and enhanced PFs (albeit pellets obtained
after SPS processing showed higher PF values relative to the those obtained after HP
processing), we surmise that ball-milling and SPS dramatically modifies the interfaces/
surfaces which in our case, leads to improved TE properties.

Figure 4.13. Representative SEM images of the hand ground Bi-bm-SPS samples
displaying the formation of a crust region with agglomerates of nano-sized Bi particles
constituting the core: (a) several micron size agglomerates of nano Bi particles with
smooth crust formation on the surface; (b) magnified view of the area in the red square;
(c) schematic representation demonstrating the nano-particles forming smooth surface
when they fuse together due to Joule heating at their boundaries and surface; (d)
magnified view of the area highlighted in the red square in (b) showing nano-particles
constituting the core of the agglomerates and (e) showing schematic view of the core
where blue balls represent Bi nano-particles.
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4.6 Conclusions
In this study, as-purchased Bi powder was high-energy ball-milled in both ambient and
inert (Ar) atmospheres for different time durations (t = 30, 60, 90 and 120 mins) in oder
to control the surface-to-volume ratio, and subsequently they were SPS processed with
different ON-OFF time ratios of the DC current pulses to further modify the nature and
extent of the surfaces. The subsequent TE property measurements showed that the α and
σ are indeed decoupled in ball-milled (t  60 mins) SPS processed (ON-OFF ratio fixed
at 12:2) Bi, and the PF is enhanced by a factor of three or more. More intriguing was the
observation of a six-fold improvement in the PF when the ON-OFF time ratio was fixed
at 1:1. To elucidate the role of the ON-OFF time ratio in the SPS process, we compared
the above described enhancements in TE properties with those of hot pressed (HP) Bi in
which the same batch of ball-milled Bi was used. We note that, unlike the SPS process
that uses localized joule heating to weld neighboring particles together through its pulsed
DC current, the HP process uses furnace heating under zero electric current flow. Our
detailed transport measurements, electron microscopy and infrared spectroscopy results
[205] collectively suggest that the SPS induced interface modifications and possible
surface states on micron-sized Bi particulates may account for the observed improvement
in PF and ZT in polycrystalline Bi.
Our detailed studies of the role of SPS on transport properties of polycrystalline
Bi strongly suggest that surface states play a prominent role in enhancing the TE
performance of Bi. Further, our Hall-effect and mobility measurements did not show any
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significant changes in the carrier concentration, suggesting that surface modified
transport or the possibility of formation of selective interfaces/surface states is a selfconsistent explanation for the observed enhancement in the PF of our polycrystalline Bi
system. Finally, we wish to note that the traditional techniques used for studying surface
states, including Angle Resolved Photoemission Spectroscopy (ARPES), Low-Energy
Electron Diffraction (LEED), etc. are limited to single crystal systems. Non-traditional
methods such as non-linear optical spectroscopy can only provide indirect evidence for
in-gap states and can be used exclusively in wide band gap semiconductors. Hence, a
direct confirmation of surface states in our polycrystalline samples remains an open
question.
In conclusion, we successfully observed a ‘double decoupling’ (simultaneous
optimization of the thermopower, electrical conductivity and thermal conductivity) in
single element polycrystalline Bi via a combination of an increase in the surface-tovolume ratio achieved by ball milling process and an interface (or grain boundary)
modification by the SPS process. As a result, a greater than six-fold improvement in the
PF, and hence ZT, was achieved in polycrystalline bulk Bi samples. Finally, we wish to
emphasize that the direct confirmation of surface states in our polycrystalline Bi samples
remains an open question. Nonetheless, SPS induced surface modified transport or the
possibility of formation of surface states is a very plausible and self-consistent
explanation for the observed enhancement in PF, and thus ZT. Hence, this study provides
a novel approach as a proof of concept through elemental Bi to decoupling the otherwise
coupled TE properties towards developing higher performance thermoelectric materials.
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The most likely candidates to verify this concept may be Bi-based thermoelectric
materials (such as Bi2Sb3, Bi2Te3, etc.) or other TE materials with interactive interfaces/
surfaces properties.
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Chapter 5
Chemical exfoliation of n-type Bi2Te3:
Multi-tier preferential scattering,
interfacial charged defects and
thermoelectric compatibility
5.1 Introduction
The past two decades have witnessed a synergy between nanotechnology and advanced
material preparation techniques culminating in a new paradigm of nanostructured TE
materials. An inherent inter-dependence among the properties α, ρ, and κ poses a major
roadblock in the pathway for achieving a high ZT.[31, 38] Several approaches, such as
grain boundary engineering, complex- or nano-structuring, adopted thus far have partially
decoupled these properties. However, the highly desirable simultaneous decoupling
(double decoupling) of α and σ along with κLattice has remained elusive thus far and for the
first time was displayed in the results presented in Chapter 4. In this context, it is well
established that tailoring micro- & nanostructures at multiple length scales by advanced
material preparation can help ease the inter-dependence among the properties α, ρ, and
κ.[71] In some cases, such as Bi, we have shown that it is possible to decouple all the TE
properties by surface/interface modifications. [200]
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5.1.1 Nanostructured TE materials: Hicks and Dresselhaus were the first to propose that
lowering the dimensionality of materials may lead to significant improvement in
electronic properties [56] and later, reduction in the thermal conductivity proposed by
Chen et. al [89-92] relative to the same bulk materials. Due to the special features (barrier
potentials) in the energy band structure arising from quantum confinement effects, lower
dimensional materials exhibit improved TE properties by selectively blocking phonons
and transmitting charge carriers.

Even though the nanostructures alone have

demonstrated high ZT values concurring with the predictions and principles of
nanostructuring, the measurement accuracy for these systems is questionable due to
experimental difficulties. Another major concern is that even after these results can be
confirmed, it is not easy to design and incorporate these nanostructures into a commercial
device due to their low throughput and expensive fabrication process. Hence, the idea of
utilizing nanocomposites or nanostructured bulk materials has proven to be very useful
over the past few years for improving ZT values. Complex and nanostructured bulk
materials have recently shown significant improvement in the TE materials research and
promising ZT values.[56, 57, 61, 87, 88] More details and aspects of this approach are
discussed in the following sections. This chapter focuses on the n-type Bi2Te3 system
where a synergistic approach is employed for improving TE performance of
nanostructured bulk materials. Previously, most of the research and resulting
enhancement in ZT have occurred in the p-type Bi2Te3 system.
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5.1.2 Compatibility factor for device design: The performance of a TE material is often
gauged by its dimensionless figure of merit, ZT. While ZT is the physical quantity of
prime importance in TE research, there are several secondary “limiting factors” that
ultimately constrain the application of TE devices. To name a few [207, 208], (i) match of
n- and p-type materials: one requires compatible n- and p-type material with similar
composition, performance, thermal expansion coefficient, thermal and mechanical
stability for the n- and p-leg of a TE device, respectively; (ii) temperature dependence of
ZT: a less temperature-dependent but reasonably high ZT over a broad temperature range
is more favorable than a very high but narrow ZT peak in practice; (iii) low electrode
contact resistance: given the same PF, a low ρ is preferred over a high α as the former
typically renders a lower electrode contact resistance and thus smaller parasitic losses. To
achieve high efficiency, high ZT materials capable of operating over large temperature
differences are desired. Since the material thermoelectric properties () are
temperature dependent, it is not desirable or even possible to use the same material
throughout an entire large temperature difference (ΔT). Ideally, different materials with
high ZT operating in different temperature ranges can be segmented together, such that all
the materials are operating only in their most efficient temperature range for obtaining
maximum possible efficiency of TE devices.
In the following section, I will briefly discuss the selection criterion and
compatibility of various materials for TE devices. A detailed discussion is presented in
Ref [20], however portions of relevant sections of the chapter are presented here for the
convenience of readers.

130

In both, power generation or refrigeration (Peltier cooling) modes, the useful and
reversible thermoelectric effects compete with the irreversible Joule heating. The
reversible effects have linear dependence on electric current whereas irreversible effects
have quadratic dependence on current, hence there is necessarily an optimum operating
electric current for obtaining optimum efficiency. For this purpose, it is most convenient
to define a relative current density as the ratio of electrical current density (J) to the heat
flux by conduction (

) as:

, where

> 0 for power generation mode. This

is due to scaling of most efficient current density with the length of the thermoelectric
element similar to

. By dividing the two, a simplified expression of reduced efficiency

is derived.
When a thermal gradient is applied through a segmented couple, a different
temperature difference ∆T is established across each segment. As mentioned earlier that
all the three thermoelectric properties are temperature and material dependent, hence each
segment has its individual α, ρ, κ and hence, ZT. In this case, efficiency of the device is
defined by the reduced efficiency (
the Carnot efficiency (

:

, given by the ratio of the device efficiency (

to

. The maximum reduced efficiency is given by Eq.

5.1 [20]
√
√

(5.1)

In light of the aforementioned limiting factors, another important parameter for highly
efficient device design proposed by Synder et. al [207, 208] is known as compatibility
factor (s). The compatibility factor (s) is the relative current density (u) required to obtain
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maximum reduced efficiency [207] as shown in Eq. 5.1 and s is defined in terms of
temperature dependent parameters ( and ZT) as:
√

(5. 2)

All the segments in a TE element are electrically and thermally in series.
Therefore, same electric current (=AJ) and similar heat current (= A

flows through

each segment (where, A is cross-sectional area). At optimal electric current, Z (= α2σ/κ)
alone defines the efficiency. To a reasonable approximation, we can consider that u
remains constant throughout each TE element, once established. However, the
temperature dependence of s constrains the electric current across each segment and in
that case, efficiency of the real device will be less than that calculated from Z. As seen in
Eq. 5.2, s is a temperature and material dependent parameter and cannot be changed by
changing device geometry or the alteration of thermal or electric currents. [209]
If u ≠ s, then the efficiency is lower than the

shown in Eq. 5.1. Hence, the

actual reduced efficiency of a material is determined not only by Z as shown in Eq. 5.1
but also on how close u is to s. Snyder et al have shown that greater the differences
between u and s, largest the difference between maximum and actual reduced efficiencies
for various materials as shown in Fig. 5.1.
In a real TE generator, u = s is not possible but an average value of u is chosen for
all the segments with s values within a factor of two. In this case, the overall efficiency
will not be reduced due to parasitic effects. If the materials segmented together vary in
their s values by greater than a factor of two, the efficiency will be substantially lower
and the materials are considered incompatible. In such configurations, the thermoelectric
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compatibility factor of the materials limits the ultimate efficiency of the device. Hence,
the compatibility factor s for various materials used in the segmentation should be similar
with their high Z values to achieve overall high device efficiency.
For power generation applications, two different configurations of TE generators
are proposed: i) Segmented and ii) Cascaded TE generator as shown in the schematic of
Figure 5.2. The above mentioned limitations are described for a segmented generator.
Cascaded generators can avoid compatibility issues among the segments as they have
independent electric circuit for each stage. However, cascading is more difficult to
implement due to thermal and electric losses. If n- and p- legs of each stage have similar
s, u and physical properties (same material), then these losses can be minimized in each
stage.
Therefore, in addition to the above mentioned limiting factors, the temperature
dependence of compatibility factor is another important factor one needs to minimize
since a less temperature-dependent compatibility factor is preferred for device design and
fabrication. In view of the above, failure to properly address these limiting factors would
make the effort of enhancing ZT futile. An important question then arises as to whether
the nanostructures that enhance ZT favorably impact the defined limiting factors. In this
chapter, we have tried to find answers to these questions by studying the transport
properties of nanostructured n-Bi2Te3 prepared by chemical exfoliation technique.
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Figure 5.1: (a) Reduced current density (u) and compatibility factor (u) as a function of
temperature for a typical TE generator. (b) local actual reduced efficiency and maximum
reduced efficiency ( in Eq.2 for u=s). Larger the difference between u and s and lower the
actual reduced efficiency. Source: Ref. [20].

Figure 5.2: Schematic of the (a) segmented and (b) cascaded TE generators. Source: Ref.
[20].
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5.1.3 Current status of TE research in Bi2Te3-based materials: Bi2Te3 is the most
widely used room temperature TE materials ever since it was first discovered in 1960s.
The progress of figure of merit (Z) of TE materials near room temperature over past few
decades as shown in figure 5.3.[21] Currently, state-of-the-art Bi2Te3 materials (typically,
p-type Bi0.5Sb1.5Te3 and n-type Bi2Te2.7Se0.3) are the only TE materials that can be used
for both power generation and refrigeration with ZT ~ 1 in the vicinity of room
temperature.[33] Thus far, researchers have successfully enhanced ZT in bulk p-type
Bi2Te3 by the implementation of nanostructuring processes such as ball milling [3], melt
spinning [68, 99, 210], thermal forging [211, 212], and hydrothermal synthesis/coating
[193, 194] etc. As a result, p-type Bi2Te3 is placed in the list of current state-of-the-art TE
materials with ZT ~1.6 in the vicinity of room temperature [1]. In fact, the 2D
superlattices device of Bi2Te3/ Sb2Te3 have shown highest ZT = 2.4 so far among all the
state-of-the-art thermoelectric materials.[91] In contrast, similar approaches turned out to
be less or not effective in n-type Bi2Te3 bulk material due to its strong textural effects and
highly anisotropic transport properties, which are considered to be associated with its
layer like structure.[213-216] To pin-point the origin of such behavior and need to further
improve TE properties of n-Bi2Te3, it is important to understand the fundamental
properties of these materials for further modifications.
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Figure 5.3: Development in Z of room temperature TE materials over past few decades.
Source: Ref. [21].

5.1.4 Crystal structure of Bi2Te3: Bi2Te3 crystallizes into rhombohedral structure with
space group symmetry:

̅

, where each unit cell contains five atoms (two Bi and

three chalcogens).[217-219] It is often more convenient to observe the structure by a
hexagonal primitive cell. For example, hexagonal unit cell consists of a set of layers
perpendicular to the third axis (c- axis) of Bi2Te3. These five monoatomic layers or
sheetsof atoms alternate and follow a sequence called quintuples shown below:

The crystallographic unit cell is formed by the repetition of three such quintuple
layers. The atomic arrangement of Bi2Te3 can be visualized in terms of the layered
sandwich structure as shown in Figure 5.4. Here, superscripts (1) and (2) denote two
different chemical states for the anions. The lamellar structures of Bi2Te3 and the
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weakness of Te(1) – Te(1) bonds between two quintuples are responsible for the ease of
cleavage along the basal planes (planes perpendicular to c-axis).[77] Due to this layered
structured, Bi2Te3 possess very anisotropic properties. The Te(1) – Te(1) bonds lie in the
Van der Waals gap whereas Te(1) – Bi and Bi – Te(2) bonds are of ionic- covalent
type.[220] The bond strength within the quintuple layers is not the same. The Bi–Te(1)
bond is stronger than Bi–Te(2) bond, which is the second weakest point within the crystal
structure. However, it is important to note that the strength and length of the Bi–Te(2)
bond is not much different from the Van der Waals gaps of Te(1) –Te(1). Hence, the
exfoliation process may not only lead to [

] but also

to separate atomic planes of Bi–Te and Te–Bi–Te. [22]
The n-type Bi2Te3 is obtained by Se doping at Te sites and the optimized
composition realized in literature thus far is Bi2Te2.7Se0.3. This system can be considered
as a solid solution of Bi2Te3- Bi2Se3, the same atoms may occupy Te(1) or Te(2) sites
forming the sequences [

] or [

]. It has been accepted that Se atoms occupy Te(2) sites due to their
electronegative nature and increase the ionic bonds. When all the Te(2) sites are filled,
Te(1) sites are occupied at random by Se atoms. [77, 221]
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Figure 5.4: Schematic of crystallographic unit cell with layered arrangement of
quintuples in Bi2Te3 crystal with Van der Waals gaps and different chemical states of Te
atoms. Source: Ref. [22].
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5.1.5 Chemical exfoliation: Chemical exfoliation has been a successful method in
generating two-dimensional (2D) materials that exhibit similar basal plane properties as
the bulk material in layered chalcogenides [222-224], after the pioneering work in
graphene [225-227]. It has been recently shown that a stack of quasi 2D layers of
quintuples (cf. Fig. 5.4) of Bi2Te3 and Sb2Te3 exhibit fascinating properties and belong to
a new class of materials recently discovered as Topological insulators.[228-231]
Nanostructures possess several defects and rough interfaces, which promotes
phonon scattering at the boundaries and suppresses the thermal conductivity of the
system. On the other hand, these defects and disorders may lead to scattering of charge
carriers and thereby limiting the improvement of TE performance by degrading mobility.
[232, 233] Ideally, grain boundaries should scatter: i) phonons more effectively than
charge carriers, ii) low energy charge carriers more effectively than high energy charge
carriers (i.e., energy filtering), and iii) holes more effectively than electrons, or the other
way around, by charge buildup to suppress the bipolar effect.[57, 62] Thus, in order to
employ the full strength of the low-dimensional confinement effects for improving ZT, it
is required to produce low dimensional structures with high-quality interfaces. Several
conventional synthesis techniques, such as chemical vapor deposition, electrochemical or
other means, are not capable for producing such quality structures alone. Recently,
Teweldebrhan et al [22] have shown that mechanical exfoliation of Bi2Te3 may be an
alternative approach to produce good quality few layer 2D structures.
Compared to p-type Bi2Te3 bulk material, n-type Bi2Te3 is prominently layer
structured that is chemically or mechanically cleavable. The high ZT of n-type Bi2Te3
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arises from the in-plane (basal plane) transport and thus it is susceptible to any micromorphology changes in the basal plane. Nanostructuring approaches (such as ball milling
and hydrothermal synthesis) inevitably degrade ZT by reducing the in-plane (basal-plane)
coherence length and thus the in-plane transport properties. In addition, the mismatch of
grain boundary adversely affects the electrical conduction. Hence an effective nanostructuring approach in n-type Bi2Te3 must be able to preserve the in-plane micromorphology as much as possible. In this study, we show that upon densification of
chemically exfoliated n-type Bi2Te3, one can introduce micro- & nanostructures at
multiple length scales while preserving the basal-plane properties. It is another
motivation of this work to inspect how this multi-tier preferential scattering mechanism
works out in chemically exfoliated n-type Bi2Te3.

5.2 Sample preparation and characterization
5.2.1 Preparation of nanostructured bulk n-Bi2Te3 samples: In this work, we achieve
nano-structuring via solvent exfoliation technique of optimized state-of-the-art n-Bi2Te3
ingot samples (purchased from Marlow industries) with chemical composition
Bi2Te2.7Se0.3. Exfoliated sheets were sintered together to form nanostructured bulk
samples using Spark plasma sintering (SPS) system.
The chemically exfoliated materials with only a few layerers of nanosheets of the
commercial ingot with chemical composition Bi2Te2.7Se0.3 were obtained by this ultrasonication technique. For solvent exfoliation, bulk Bi2Te2.7Se0.3 (~1g) was dispersed in
100 ml of N-methyl-2-pyrrolidinone (NMP) and sonicated using 1/8” tip sonicator
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(Branson 250) at 100 W for 1 hr. The resulting dispersion was filtered through 0.45 m
nylon filter and re-suspended in 100 ml of fresh NMP. Subsequently, the solution was
bath sonicated for 3, 5, or 8 hrs and centrifuged at 2000 rpm for 45 min. The supernatant
was vacuum filtered using a 0.45 m nylon filter. Finally, the filtered powder was
washed several times using deionized water to remove residual NMP. As a result of ultrasonication, exfoliated few layer nano-sheets ~10-15 nm in thickness and <1µm in length
were obtained (c.f. Fig. 5.5d). Further, the exfoliated sheets were compacted using a
spark plasma sintering, SPS, technique (Dr. Sinter Lab®-515S system). In our previous
studies on p-type Bi2Te3, we observed that higher SPS temperature and low SPS pressure
results in better thermoelectric properties owing to better electrical connectivity and small
textural effects.[23] Hence, we used similar conditions where samples were sintered at
500oC and 30 MPa pressure under dynamic vacuum in this study. Before the SPS
process, the samples were loaded into graphite dies and graphite rods were used to apply
the pressure. The resulting SPS pellets were 12.5 mm in diameter and 2-3 mm in
thickness. The SPS process yielded samples with 98-99% of the theoretical density.

5.2.2 Characterization: The microstructural and chemical analysis was performed using
conventional SEM (Hitachi® S3400N and S4800), TEM (Hitachi® H7500) and high
resolution XRD studies (Rigaku Ultima® IV diffractometer, Cu Kα radiation, λ= 1.5406
Å). Furthermore, micro-Raman spectra was taken on all the samples to observe any
symmetry breaking or crystal structure changes using Dilor XY triple grating
monochromator with excitation wavelength of 514.5 nm.
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5.2.3 Transport property measurements: Low temperature (in the range of 20-325 K)
resistivity ( = 1/σ) and were measured using a four-probe differential method on a
custom-designed system. In addition, thermal conductivity (κT) was measured on the
same sample using a four probe steady-state method on a custom designed system from
20-320 K. Both systems used custom designed measurement programs developed in our
laboratory using custom Labview® software and the details were presented in chapter 2.
High temperature electrical resistivity and thermopower were simultaneously measured
using the commercial ZEM-2 (Ulvac Riko, Inc.) system under low pressure of high purity
He atmosphere. The high temperature thermal conductivity was calculated using relation
κT = ρDCpD; where ρD is the packing density of the material, D the thermal diffusivity
and Cp (≈CV, for solids) the specific heat capacity. The heat capacity measurements were
carried out using NETZSCH® DSC 404 C, thermal diffusivity using NETZSCH® LFA
457 system and the packing density was measured by Archimedes principle. The lattice
contribution of thermal conductivity was calculated by subtracting the electronic portion
from κT. The electronic thermal conductivity was calculated using Wiedemann-Franz
relation (κe= L0T/ρ, where =1.66 × 10-8 V2/K2 for nanostructured sample [234]). It is
important to note that the laser flash measures diffusivity along the SPS pressure
direction, whereas the low temperature transport properties are measured in the direction
perpendicular to the SPS pressure direction. The anisotropy in the transport properties
along different directions may lead to erroneous interpretation of the ZT values. In order
to measure all the properties along same direction, we cut several bars of our samples and
then epoxied them together after rotating the bars by 90 degrees using JB Weld®
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(thermally conducting and electrically insulating glue). A detailed study of measurements
in different configurations using this glue can be found in our previous work and will be
presented in next section.[23] The Hall measurements were performed on a Quantum
Design® physical properties measurement system (PPMS) under a magnetic field sweep
of 5 kOe. All measurements were performed on at least two independent sets of samples
to confirm our transport data.

5.3 Results and discussion
5.3.1 X-ray and microstructure analysis: As shown in Figure 5.5, the commercial stateof-the-art ingot exhibits lamellar morphology with layers extending to hundreds of
microns. Our TEM studies (Figs 5.5c-d) indicated that the layer dimensions were reduced
to 500-800 nm in length and few tens of nm in thickness upon chemical exfoliation for 8
hours (sample labeled as exf8h). Interestingly, we observed that the exfoliated nanosheets are stacked along the c-axis in a layer-by-layer fashion during SPS process
resulting in lamellar structures with average thickness of 20-50 µm (Fig. 5.5b). As
observed from Fig.2b, the chemical exfoliation-SPS process introduced more grain
boundaries. Our high resolution powder XRD data (Fig. 5.6) verified that the all the
samples exhibited single phase and the peaks are in agreement with Bi2Te2.7Se0.3 phase
(JCPDS card no. 00-050-0954). The broadening of (006) peak, as shown by FWHM (δθ)
of exfoliated powder in Table III suggested the formation of few-layer nanosheets
concurring with our TEM images (Fig. 5.5c-d). The enhancement in (015) peak intensity
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for exfoliated-SPS samples relative to the commercial ingot (or exfoliated samples)
indicated that there is a major reorientation of the grains during the SPS process leading
to strong textural effects. We calculated the coherence length (δL) for our samples along
in-plane [00l] and cross-plane [hk0] directions from the XRD data using Equation 5.3.
(5.3)

where,

Furthermore, the average values for coherence length (δL) showed a significant
increase for exf8h-SPS sample along (006) direction while it did not change significantly
along (110) direction as shown in Table III. Such observations imply that the crystallinity
or the long-range order is improved upon SPS processing of exf-8h samples (exf8h-SPS).

Table III: FWHM and Coherence length calculated from powder XRD data
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Figure 5.5: (a) A representative scanning electron micrograph for commercially
available state-of-the are n-type Bi2Te3 ingot, b) and c) show representative transmission
electron micrographs for chemically exfoliated samples, and d) A representative image of
the fractured surface for exfoliated sample subjected to SPS process.
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Figure 5.6: Powder X-ray diffraction of commercial ingot, exfoliated powders before
and after SPS process is shown in (a). Fig. (b) and (c) show downshift in the peak
positions (006) and (110) respectively with respect to the dotted line after exfoliation and
SPS relative to the commercial ingot.

5.3.2 Transport properties:
Effect of exfoliation: The temperature dependences of , , and  of the spark plasma
sintered exfoliated samples (exf8h-SPS) are compared in Fig. 5.7 with the state-of-the-art
n-type Bi2Te3 ingot. It is worth noting that all of the properties were measured in the in
plane direction and reproduced on at least 3 samples. It is also worth noting that the low
and high temperature measurements performed using two different techniques show an
excellent match for all the properties. As shown in Fig. 5.7a, the peak thermopower value
(αmax) for exf8h-SPS samples decreased and shifted towards higher temperatures in
agreement with the Goldsmid-Sharp relation (Eq. 3.1).[146] This upshift in αmax to higher
temperature implied that the bipolar contribution of holes to conduction is observed at

146

higher temperatures relative to the ingot. Although the thermopower values of exf8h-SPS
sample are smaller in magnitude relative to the commercial ingot, their metallic-like
electrical conductivity (Fig. 5.7c) was found to be higher for T > 100 K making the power
factor values comparable to that of the ingot. Indeed, the net reduction in the
thermopower of exf8h-SPS samples is related to an increase in the electrical conductivity
as expected from inverse coupled behavior. It is interesting to note that the electrical
conductivity of the exfoliated (exf8h-SPS) samples improved relative to the commercial
ingot despite the increase in grain boundaries. Such a result is unexpected since the
increase in grain boundaries should scatter the charge carriers more and thereby decrease
the electrical conductivity. To explain this apparent inconsistency and gain a deeper
understanding of the origin of the increase in electrical conductivity, Hall measurements
were performed for estimating the carrier concentration and mobility. Inferring from Fig.
5.8a, the observed increase in the electrical conductivity is clearly associated with an
increase in the carrier concentration (n) above 100 K. Balandin et al.[22] suggested that
the chemical/mechanical exfoliation of layered chalcogenides (specifically, Bi2Te3) is
quite different from the van der Waal cleavage of graphite. Unlike graphite, exfoliation of
Bi2Te3 may lead not only to unit quintuple layers but also separate two atomic planes of
Bi-Te and Te-Bi-Te resulting in positively charged TeBi anti-sites/Te vacancies on the
surface of exfoliated grains.[235] Such localized positive charges on the grain surface are
known to inject excess electrons into the bulk increasing n.[3] More importantly, any
positively charged defects on the grain surface can provide a potential barrier that
selectively filters low-energy minority carriers (holes in case of n-Bi2Te3 samples, see
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Fig. 5.9) delaying the onset of bipolar effects to higher temperatures, which may reduce
thermopower. As shown in Figs. 5.7a and 5.7d, such a postponement of bipolar effects
results in an upshift of the characteristic temperature beyond which bipolar terms strongly
influence thermopower and thermal conductivity.
Interestingly, the mobility (µ) of the exfoliated (exf8h-SPS) sample shows lower
values for T <100 K despite its better crystallinity relative to the commercial ingot (see
Fig. 5.8). This decrease can be rationalized in terms of additional scattering arising from
charged defects/ interfaces induced by the exfoliation process (Fig. 5.8b). As shown in
Fig. 5.8b, various temperature dependent scattering processes are known to limit the
mobility of electrons according to Matthiessen’s rule.[106] Evidently, the temperature
dependence of mobility for exf8h-SPS sample deviates from the commercial ingot for T
<100 K, possibly due to increased contribution arising from charged defect (~T3/2) and
grain boundary (

⁄

where

is the barrier potential due to grain boundary and

is Boltzmann constant) scattering. For T <100 K, the electrical resistivity (ρ = 1/σ,
where σ ∝ neµ) of exf-8h-SPS and ingot samples was same since an increase in ‘n’ is
compensated by a decrease in . For T > 100 K, the mobility of both the samples
exhibited same values implying that the increase in σ is entirely due to the increase in
carrier concentration (electron).
As a result of the upshift in αmax, the bipolar term in the thermal conductivity is
also shifted to higher temperatures and hence the total thermal conductivity above 300 K
shows smaller values for exf8h-SPS samples relative to that of the commercial ingot (Fig.
5.7d). The evident reduction in the intensity of lattice peak (shown by the red dotted lines
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in Fig. 5.7d) confirms that new long-range phonon scattering centers (grainboundaries/interface) are introduced by exfoliation and subsequent SPS process.
Ultimately, the upshift in the onset of bipolar effects resulted in the upshift of ZT values
to higher temperatures (Fig. 5.7e). Furthermore, the simultaneous changes in α, ρ, and κ
are nearly balanced out in exf8h-SPS sample for T >300 K making ZT values constant
(~1.0) in the range of 350-500 K.
As discussed in the proceeding section, exfoliation induced reduction in the
bipolar effects is also evident in our thermal conductivity measurements. The Debye
temperature (θD) of Bi2Te3 is known to be ~145 K.[236] At sufficiently high enough
temperatures (close to θD), the phonon-phonon scattering dominates due to the Umklapp
processes and therefore the lattice thermal conductivity exhibits (1/T)-temperature
dependence as shown in Eq. 5.4.[237]

( )

(5.4)

where M is the average mass per atom, V is the average atomic volume, γ is the
Grüneisen parameter and h is Planck’s constant. At higher temperatures (T > 300 K), the
linear increase in the thermal conductivity with temperature can be explained by the
dominating bipolar conduction in the system. The bipolar diffusion contribution to κT
arises when both holes and electrons contribute to conduction. [238] The bipolar thermal
conductivity (κB) can be expressed as shown in Eq. 5.5.
(5.5)

149

where

(

and

(

are contributions of electron and hole carriers to

thermopower (electrical conductivity) respectively.[238] As shown in Figure 5.10, (κT κe) is graphed against 1000/T for the temperature range where U-process dominates (T
>100 K). Since, T = L + e + B, the temperature dependence of T - e can serve as a
gauge for the interplay between lattice and bipolar effects. Clearly, for the commercial
ingot samples L exhibited the expected linear (1/T) behavior (from phonon-phonon
scattering related to L in Eq. 5.4) above the red dashed line in Fig. 5.10 while bipolar
effects dominated at higher temperatures (1000/T ~2.75 or T > 400 K). Intriguingly,
exf8h-SPS samples showed an evident deviation from the linear (1/T) behavior in L in
the intermediate range (100 K <T <200 K) indicating the presence of additional scattering
process, possibly interfacial charged defects. Furthermore, the net reduction in κL, shown
by grey area in Figure 5.10, may be attributed the increased grain boundaries in exf8hSPS sample. More importantly, the onset of bipolar effects is shifted in exf8h-SPS
sample by T ~ 100 K and does not occur until 400 K (1000/T ~ 2.5 in Fig. 5.10)
concurring with the shift observed in Hall and transport measurements.
It is possible to delineate the individual contributions of various mechanisms to
the total thermal conductivity (κT). The display of values estimated from the individual
contributions for commercial ingot is shown in the Figure 5.11 (graph of the (κT- κe) vs
1000/T). This is based on the assumption that the dominant mechanisms contributing to
the phonon conduction in this system are the electronic, lattice and bipolar conduction for
determination of κT. A summary of estimated values and their percentage contribution to
κT for the commercial ingot and exfoliated sample is shown in Table IV. Clearly, the
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bipolar effects dominate at higher temperatures in the exfoliated samples (exf8h-SPS)
and the contribution of κB is factor of six smaller than the commercial ingot at ~450 K.
Clearly, the shift in ZT peak to higher temperatures (~100 K) may be attributed to the
shift in the onset of bipolar effects which dominate at higher temperatures in exf8h-SPS
sample as explained earlier.

Figure 5.7: Temperature dependence of α (a), power factor: α2T/ρ (b), ρ(c), κT (d) with
(κT- κe ) of ingot (open triangle) and exf8h (open square) showing in the inset and ZT (e)
of the exfoliated samples relative to the commercial ingot.
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Figure 5.8: Temperature dependence of carrier concentration ‘n’ (a) and electron
mobility ‘µ’ (b) for commercial ingot and exfoliated sample is shown. For T < 100 K
range, grain boundary and charged defect scattering dominates and for T > 100 K,
electron-phonon scattering dominates.
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Figure 5.9: (a) A schematic depicting the grain boundary scattering of charge carriers in
n-type Bi2Te3 system shows that low (kinetic)-energy carriers (shown by red arrow) are
effectively scattered by the grain boundary potential barrier unlike high (kinetic)-energy
carriers (shown by green arrows). (b) The presence of a positively charged donor-like
grain boundary defect (arising from Te vacancies and Te-Bi anti-sites) may inject excess
into the core of the grain resulting in an increase of carrier concentration (see Fig. 5.8a).
(c) The positively charged grain boundary leads to selective scattering of holes over
electrons due to increased coulomb barriers. Such a preferential scattering mechanism
may be attributed the observed shift in bipolar contribution to transport properties of
exfoliated n-type Bi2Te3.
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Figure 5.10: The (κT- κe ) vs 1000/T is shown for the commercial ingot and exf8h-SPS
sample. For T< 300 K, the phonon-phonon scattering dominates due to the U-process and
κL varies proportionally as 1/T with temperature T (shown by dotted line). The exf8h-SPS
sample shows shift of bipolar term to higher temperature relative to the commercial ingot
as shown by vertical dashed lines. The deviation from 1/T behavior in exf8h-SPS sample
is shown in grey, which may be arising due to additional scattering mechanism
dominating in intermediate temperature range.

Figure 5.11: The estimation of contributions of κe, κL and κB relative to the total thermal
conductivity κT for the commercial ingot. The solid symbols represent κT and the open
symbols represent κT – κe. The data shown here is for the temperature range 150-500 K.
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TABLE IV: Estimated contribution of κe, κL and κB relative to the total thermal
conductivity κT at 300 K and 450 K.

Effect of exfoliation time or degree of exfoliation: Thus far, we have explained the
effects of exfoliation on the thermoelectric properties of n type-Bi2Te3. In the following
section, we have delineated the effects of exfoliation time on α, ρ, and κ. Fig. 5.12 shows
measurements of electrical transport properties for samples prepared with different
exfoliation time (exf-3h, 5h and 8h). Interestingly, we observed that the thermopower and
electrical resistivity did not change significantly resulting in similar power factor values
in the higher temperature range for all the samples. This observation of similar power
factor values indicates that it is not necessary to exfoliate n-Bi2Te3 to the single-layer
level. Hence, the resultant TE properties may not be arising from nano-structuring or
exfoliation to few layer but the exfoliation process itself leads to localized positive
charges on the grain surface due to cleavage of atomic planes as explained in this section
earlier and hence shifts the peak maxima of thermopower to higher temperatures.
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Figure 5.12: Effect of exfoliation time on the transport properties: α (a), ρ (b) and power
factor α2T/ρ (c) as a function of temperature is shown.
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Effect of anisotropy in thermal conductivity measurements: It is well known that Bi2Te3
based materials exhibit remarkable anisotropy in their transport properties as discussed in
previous sections.[77, 216, 239] The anisotropy in the electrical and thermal conduction
may vary depending on synthesis conditions and textural effects. Therefore, it is
important to measure all the properties in the same direction in order to obtain
appropriate ZT values. There has been dearth of reports with detailed discussion on the
effects of anisotropy on transport properties and related measurements for n-type Bi2Te3.
Recently, Yan et. al had reported the effects anisotropy on the transport properties of
ball-milled nanocomposites of Bi2Te2.7Se0.3 due to reorientation of the nanograins.[216]
In general, high temperature thermal conductivity is measured using commercial systems
which employ laser flash technique. In this technique, thermal diffusivity is measured on
samples and then thermal conductivity is estimated using relation: κT = ρDCpD; where ρD
is the packing density of the material, D, the thermal diffusivity and Cp (≈CV, for solids)
the specific heat capacity as discussed in previous section 5.2. However, this
measurement method poses limitations on the thickness of the materials/ pellets (an
important parameter) that can be used for accurately measuring thermal diffusivity in
commercial laser flash system. The details regarding the system and measurement
techniques are discussed in chapter 2. Due to the limitation on thickness and size of the
samples for our measurements, we cut our samples into several bars and then spliced
them together after rotating 90o using JB weld® to measure thermal conductivity along
the SPS and perpendicular to SPS directions. The details of process are illustrated in the
schematic shown in Fig. 5.13 with various configurations of samples. Earlier, we have
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shown that the JB weld does not influence the thermal diffusivity measurements and the
values measured in configurations shown in Fig 5.13 (a) and (b) yield same results.[23]
Whereas, the samples yield higher thermal diffusivity values in configuration (c) obtained
after rotating the samples by 90o which are measurements made in the direction
perpendicular to SPS (pressure) direction.

Figure 5.13: Schematic of samples in different orientation after cutting the bars and then
splicing them together in configurations (b) and (c) using JB weld for high temperature
thermal conductivity measurements along SPS direction (b) and perpendicular to SPS
directions (c). (Source:Ref [23])
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Further, an excellent agreement between the low-temperature thermal
conductivity values (acquired using our custom designed steady state system) and the
high temperature values confirmed the validity of our measurements (cf Fig. 5.7). Fig.
5.14 shows the thermal conductivity measured along SPS direction (open symbols) and
perpendicular to the SPS direction (solid symbols). As shown by several groups, the two
directions exhibit different thermal conductivity values due to texture related anisotropy
and as a result, an overestimated ZT values can be observed upon combining the transport
properties measured along different directions (as shown in Fig. 5.14b). Therefore, it is
important to perform all the transport measurements on the same piece of sample and
along the same direction for appropriate estimation of ZT values, especially in case of
textured materials.

Figure 5.14: Anisotropy in the transport measurements along SPS direction (open
symbols) and perpendicular to SPS direction (solid symbols) directions is shown in (a).
Electrical transport properties are measured along perpendicular to the SPS direction and
high temperature κ is measured in the SPS direction; the effect of anisotropy on the κTotal
(b) and ZT values (c) of exf8h-SPS samples is shown.
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Compatibility factor: As discussed in section 5.1.2, the compatibility factor for various
materials used in the segmentation should be similar to achieve high device efficiency. If
the compatibility factor of the segmented materials differs by a factor of two, the
segmentation suffers parasitic losses lowering device efficiency. Ideally, s should be
temperature independent parameter. However, the strong temperature dependence of α
and ZT values often leads to a s that varies with temperature, making it difficult to
optimize the heat and electric current densities along the TE leg that are necessary to take
advantage of a large ZT. Therefore, one of the major concerns for developing Bi2Te3based TE devices is the change in the compatibility factor (s) over the operating
temperature range. To account for the variation of s as a function of temperature, some
materials are often crafted into different shapes to maintain a constant current density
throughout the n- or p-type legs. Such shaping effects can result in mechanical instability
of the device if the compatibility factor varies greatly with temperature. In this regard, it
is desirable to have low fractional change in s for making robust TE device integration. In
TE devices, the p- and n- legs are connected thermally in parallel but electrically in
series. Therefore, similar compatibility factor for n and p-type legs of same material type
should result in higher efficiency without the need to craft or machine them for
optimizing the current density. One of the major concerns with state-of-the-art n-type
Bi2Te3 ingot is that its compatibility factor 4-5 V-1 is much lower compared to the p-type
counterpart (~8 V-1). Here, we show that the compatibility factors of our n-type exf8hSPS sample matches with the state-of-the-art p-type Bi2Te3, while keeping ZT constant
over a broad temperature range ~ 150 K. As shown in Fig. 5.15a, the compatibility factor
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of exfoliated samples (exf8h-SPS) is appreciably higher than that of the n-type
commercial ingot and is similar to that of n-type PbTe (~3.5 V-1 at 500 K) in the
maximum operating temperature range of both the materials. The exf-8h samples exhibit
significantly lower fractional change in s compared to state-of-the-art commercial n-type
Bi2Te3 ingot in 300-500 K range indicating that exfoliated samples are better suited for
device integration. Furthermore, our sintered exfoliated samples show constantly high ZT
values from 380-500 K along with s values with smaller fractional change from 300-500
K as well as better compatibility with probable higher temperature TE materials, opening
new avenues for the integration of currently existing non-traditional materials into TE
devices.

5.4 Atomic Force Microscopy (AFM) and micro-Raman spectroscopy
We have performed detailed atomic force microscopy (AFM) and micro-Raman
spectroscopic measurements in order to further understand the effects of exfoliation on
layer thickness and the introduction of defects. Our AFM studies (Fig. 5.16) showed that
the layer thickness changes from 1-5 m in the bulk to 120 nm in exf 3h samples
indicating that the n- type Bi2Te3 crystal is cleaved during exfoliation. Upon exfoliation,
the layer thickness in exf-5h samples was reduced to ~50 nm and remained unchanged
with any further increase in the exfoliation time. Such a result may explain the
observation that the TE properties of exf-3h, 5h, and 8h samples did not exhibit
significant differences. As shown in Fig. 5.17, the micro-Raman spectra of the exfoliated
samples exhibited some interesting features that confirmed the presence of exfoliation-

161

induced defect centers. The low frequency region (60-150 cm-1) showed that the Eg2, and
A1g2 modes are present in all the samples and did not exhibit any observable shifts in their
position. Interestingly, we observed that some new modes begin to appear in the midfrequency region (200-400 cm-1) upon exfoliating n type-Bi2Te3. Furthermore, a sharp
feature ~780 cm-1 was observed to increase in its intensity with increasing exfoliation
time (see inset in Fig. 5.17). These new features in the micro-Raman spectra may
possibly be attributed to combination and overtone modes [240, 241] that arise due to
defect-induced symmetry breaking. A detailed analysis of the nature of defects and the
underlying mechanism for the appearance of new Raman modes is the subject of a
separate study and details are not explained here.

Figure 5.15: Compatibility factor ‘s’ as a function of temperature is shown for our
exfoliated sample with state-of-the-art n- and p-type ingots.
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5.16: AFM results showing the average layer thickness of exfoliated sheets as a function
of exfoliation time. The average thickness saturates at ~50 nm at longer exfoliation times
(8-13 hrs). The inset shows the change of 760 cm-1 Raman peak (normalized with respect
to Eg2 mode intensity) as a function of exfoliation time. It is evident that saturation in the
Raman peak arises from the lack of change in layer thickness with exfoliation time.
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Figure 5.17: Micro-Raman spectra of commercial n-type Bi2Te3 ingot and exfoliated
samples in the low (panel a), mid (panel b), and high-frequency regions (panel c).
Although there are no significant changes in the low-frequency region (panel a), the midand high-frequency regions (panels b and c) show the presence of distinct peaks that
possibly arise due to defect-induced symmetry breaking. Importantly, the sharp peak
~760 cm-1 (in panel c) is observed to change with exfoliation time as shown in the inset
of Fig. 5.15.

5.5 Conclusions
In summary, we have used chemical exfoliation technique to address several limiting
factors in improving the performance of TE devices. Particularly, chemical exfoliation
allows for the introduction of micro-and nanostructured scattering centers at multiple
length scales while preserving the basal plane properties needed for high ZT. In our
method, the possible introduction of positively charged defects (TeBi antisites/Te
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vacancies) on the grain surface resulted in: i) the injection of electrons into the bulk
increasing carrier concentration, and ii) a potential barrier that selectively filtered lowenergy minority carriers (holes in case of n-type Bi2Te3 samples) delaying the onset of
bipolar effects reducing the thermopower. Another evidence of additional scattering
mechanism in the exf8h-SPS sample is provided by our thermal conductivity data in the
intermediate temperature range. An estimation of bipolar contribution to the thermal
conductivity clearly shows a shift in the temperature region where bipolar effects
dominate. The change in the onset of bipolar effects results in the shift of ZT maxima and
broadens the operating temperature regime. The lowering of  is balanced by the increase
in  and decrease in  leading to ZT values same as the commercial ingot. Finally, the
reduction of while keeping the ZT values constant increases the compatibility factor.
AFM studies show that the samples with exfoliation time, t > 3 hrs have layer thickness
of ~50 nm and the micro-Raman data shown some new features in the mid-frequency
region (200-400 cm-1). These new features in the micro-Raman spectra may possibly be
attributed to the combination and overtone modes that arise due to defect-induced
symmetry breaking.
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Chapter 6
Summary and Future work
This dissertation attempts to answer an important question, ‘Can one achieve control
over the nature and length scale of these defects to decouple  and and tune the
temperature dependence of ZT in nanostructured bulk materials?’ Our experiments
showed that by creating mutli-dimensional defects, coherent secondary nano-phases and
synergistic nanostructuring/interface modifications, the TE properties of complex
systems as p-type skutterudites and Bi-based materials (elemental Bi and n-type Bi2Te3)
can indeed be improved. Some important concepts such as ‘double decoupling’ and
‘preferential interfacial charged defect scattering’ have been demonstrated in Bi and
Bi2Te3 systems. The ‘double decoupling’ approach can be exploited in other single
element systems such as Si, Ge etc. and materials with active surface states. In terms of
chemical exfoliation, other layered systems such as MoS2, Nb2Se3 should be explored.
Particularly, doped MoS2 may show significant increase in ZT due to its semi-conducting
nature. The influence of defects on charge density waves in few-layered Nb2Se3 may be
another interesting problem. Finally, the effect of SPS conditions on these materials may
be of interest. Detailed characterization and transport studies may shed more light on the
mechanisms involved.
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Appendix A
Table A-1: Thermoelectric properties for Ce-filled Ni-doped p-type skutterudites upon
incorporation of In at 300 K.
The peak ZT values are shown in the table with respective temperature. The electrical
resistivity, power factor and ZT values are considered up to two decimal places to display
the subtle changes for the listed samples.
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A-2: Temperature dependence of thermoelectric properties of p-type skutterudite samples
with Ni-doping at M-sites and In doping at X-sites

Figure A-2: Temperature dependence of thermoelectric properties of p-type skutterudite
samples with Ni-doping at M-sites and In doping at X-sites.

169

Table A-3: Thermoelectric properties of Fe-doped CoSb3-based p-type skutterudites
upon single and double filling at ~800 K.
The electrical resistivity, power factor and ZT values are considered up to two decimal
places to display the subtle changes for the listed samples.
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Table A-4: Thermoelectric properties of CoSb3-based p-type skutterudites: Substitutional
doping at M-sites (Fe at Co-sites) and X-sites (As at Sb-sites and Ge at Se-sites).
The electrical resistivity, power factor and ZT values are considered up to two decimal
places to display the subtle changes for the listed samples.
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Appendix B
B-1: Explanation of ON-OFF time of the DC pulse in spark plasma sintering (SPS)
process (Service Manual No. 16)
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Appendix C
C-1: Temperature dependence of bipolar contribution to thermal conductivity (κB) and
the dimensionless figure of merit ZT.

Figure C-1: The Bipolar thermal conductivity (κB ) was estimated from κT as explained
earlier. Temperature dependence of bipolar contribution to thermal conductivity (κB )
shows a shift in the onset of bipolar effects to higher temperature for exf8h-SPS samples.
The contribution of κB below the onset T is close to zero. A corresponding shift in the ZT
peak position confirmed that the shift in bipolar effects resulted in higher ZT values at
high temperatures.

175

Appendix D
D-1: List of Symbols and units
Symbol


 
L

Description
Electrical Resistivity
Thermopower or Seebeck Coefficient
Total Thermal Conductivity
Lattice Thermal Conductivity

Units
m-cm
V/K
W m-1K-1
W m-1K-1

e




Q
V


Electronic Thermal Conductivity
Bipolar Thermal Conductivity
Electronic Conductivity
Temperature
Peltier Coefficient
Heat Flux per unit area
Potential Gradient
Temperature Gradient

W m-1K-1
W m-1K-1
(m-cm)-1
K
V
Wm-2
V
K

I

Th
Tc
ZT
max
COP
L0
F
n

m*
Eg

Current
Thomson Coefficient
Temperature of Hot side
Temperature of Cold side
Dimensionless Figure of Merit
Maximum Efficiency
Coefficient of Performance
Lorenz Number
Fermi Energy
Carrier Concentration
Carrier Mobility
Effective mass of carriers
Band gap or Activation Energy

A
VK-1
K
K
-
WK-2 or V2K-2
eV
cm-3
cm2V-1sec-1
kg
eV

D

Debye Temperature

K



Relaxation time

s

R

Resistance



A

Cross-sectional Area of Sample

m2

L

Length of the sample

L

VT

Total Voltage

V
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VR

Resistive Voltage

V

VTE

Thermoelectric Voltage

V

VH

Hall Voltage

V

P

Power Input

W

K

Thermal conductance

Wm-2K-2

Emissivity of sample

-

B

Magnetic Field

T

RH

Hall Coefficient

cm3C-1

VH

Transverse Hall Voltage

V

H

Transverse Hall Resistivity

m-cm

t or l

Thickness

mm

D

Thermal Diffusivity

mm2s-1

ρD

Mass density

gcm-3

C

Specific Heat Capacity

J mol-1K-1

Cp

Specific Heat Capacity at constant pressure

J mol-1K-1

Cv
RL

Specific Heat Capacity at constant volume
Load Resistance

J mol-1K-1


M

Molecular mass of Formula mass

g/mol

mol

Molar Magnetic Susceptibility

m3/mol



Angular Frequency

rad/s



Wavelength

Angstrom


R
a
L
v
E

Angle
Resistance
Lattice Constant
Average Grain size
Velocity of Sound
Einstein Frequency (of Rattler atoms)
Barrier potential at interfaces

degrees

Angstrom
m
ms-1
THz
V



Grüneisen Parameter

-

s

Compatibility Factor

V-1
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D-2: List of constants
kB

Boltzmann's constant

1.38x10-23 JK-1

e

Charge of an electron

1.6 x 10-19 C

'

Stefan-Boltzmann constant

5.7 x 10-8 W m-2K-4

R
me
h
NA

Universal Gas Constant
Mass of an electron
Planck constant
Avogadro Number

8.31 Jmol-1K-1
9.11 x 10-31 kg
6.63 x 10-34 Js
6.023 x 1023

B

Bohr Magnetron

9.27 x 10−24 JT-1

D-3: List of Abbreviations
TE

Thermoelectric

PF

Power Factor

PPMS

Physical Property Measurement System

SPS
HP
TEM
SEM
XRD

Spark Plasma Sintering
Hot Pressing
Transmission Electron Microscopy
Scanning Electron Microscopy
X-ray Diffraction

DSC

Differential Scanning Calorimetry

NMP
FWHM
AFM

N-methyl-2-pyrrolidinone
Full Width at Half maximum
Atomic Force Microscopy
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